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Abstract 
 
This research project was multifaceted and aimed to develop an understanding of how plant 
diversity and foliar elemental chemistry interact with soil chemistry and altitude on ultramafic 
outcrops in Kinabalu Park (Sabah, Malaysia, Borneo Island). The research site, Kinabalu Park, is 
the world’s most species-rich hotspot (>5000 plant species in <1200 km2), and the presence of 
widely-scattered ultramafic outcrops is thought to have stimulated plant evolution in the area. 
Ultramafic outcrops were conceptualised as edaphic islands of contrasting soil chemistry. The 
results show that ultramafic soils host radically different species assemblages even at the same 
altitude. The vegetation analysis supports the distinction of six main vegetation classes, with 
associated soil types: (1) Sub-alpine scrub; (2) Graminioid shrub; both associated with skeletal 
hypermagnesian soils; (3) Montane cloud-forest, associated with montane soils with mor humus; (4) 
Mixed-dipterocarp lowland forest, associated with deep laterite soils (oxisols); (5) Pioneer 
Casuarina shrub; and (6) Mature mixed Casuarina forest, both associated with serpentinite soils. 
The sub-type of ultramafic soils with the most extreme chemical properties are the serpentinite soils 
and the hypermagnesian soils, the former characterised by very high Mg:Ca molar quotients (5–25), 
and the latter also having extremely high phytoavailable Ni and Mn (50–180 µg/g and 250–500 
µg/g DTPA-extractable). Although generally adverse to plants, the hypermagnesian soils on Mount 
Tambuyukon host exceptionally species-rich plant communities, but also contribute to the extreme 
stunting of this vegetation. The vegetation of serpentinite soils, however, are characterised by trees 
in the family Casuarinaceae and is species-poor. Although vastly different chemically, both 
hypermagnesian and serpentinite soils host high levels of ultramafic obligate species. In contrast, 
obligate ultramafic species are virtually absent in the lowland forest, but the combination of a 
number of dipterocarps is a characteristic of these forests. 
 
The foliar elemental profiles of plants growing on ultramafic soils were characterised by higher 
concentrations of Fe, Mg, Co, Cr, and Ni, but lower concentrations of Ca, K and P. This research 
identified hyperaccumulator behaviour in a range of plant species: Al >1000 µg/g (38 spp.), Mn >10 
mg/g (7 spp.), Cu >300 µg/g (1 sp.), Cr > 300 µg/g (3 spp.), Co >300 (3 spp.), Ni >1000 µg/g (24 
spp.) and Zn >3000 µg/g (2 spp.) The foliar frequency distribution of Ni follows a distinct bimodal 
distribution, with the modes (‘non-accumulators’ and ‘hyperaccumulators’) separated at 
approximately 850 µg/g Ni (the lower limit of the ‘hyperaccumulator mode’). This indicates a 
distinct ecophysiological trait, as opposed to just the upper tail of a normal frequency distribution. 
In Sabah, Ni hyperaccumulation occurs most frequently in the Order Malpighiales (families: 
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Dichapetalaceae, Phyllanthaceae, Salicaceae, Violaceae), and is particularly common in the 
Phyllanthaceae (genera Phyllanthus, Glochidion). Ni concentrations belong to the highest recorded 
globally attaining up to 2.4% in foliage (Psychotria sarmentosa complex) and up to 16.9% in the 
phloem exudate (Phyllanthus balgooyi). The phloem tissue of many of these species appears to act 
as a ‘Ni-sink’, which could function to re-distribute Ni to emerging shoots, hence potentially aiding 
insect herbivory-protection, although specialist Ni-tolerant insects were also found. Ni 
hyperaccumulators were localised in successional habitats on serpentinite soils with active mineral 
weathering. These soils showed a ‘threshold response’ with >20 µg/g carboxylic extractable Ni or > 
630 µg/g pseudo-total Ni, and pH >6.3. Ni hyperaccumulators have the potential to be used in 
future phytomining operations, and knowledge of multi-element concentrations in their tissues 
could assist in selecting species with high Ni, but low concentrations of other unwanted elements 
(e.g. Ca, Mg, K, P, S) that could act as contaminants in the ‘bio-ore’.  
 
The results of this study showed that ultramafic outcrops of Kinabalu Park support exceptionally 
high plant diversity with 2854 plant species in 742 genera and 188 families recorded (14 662 unique 
collections) during the fieldwork. Vegetation altitudinal zonation is compressed on tropical 
ultramafic mountains, as shown for Mount Tambuyukon (2579 m asl) in comparison with the non-
ultramafic Mount Trus Madi (2643 m asl). The results demonstrated that plant diversity and 
endemicity were higher on Mount Tambuyukon in the summit zone, but not on the lower slopes. 
The soil chemistry in this zone is extreme, and the most probable cause for the stunted vegetation. 
Carnivorous Nepenthes provide examples of ultramafic obligate and endemic species, and N. rajah, 
N. villosa, N. burbidgeae and N. edwardsiana were studied. The results showed that these species 
are restricted to a very unusual combination of factors: extremely high insolation and permanently 
wet soils, brought about by the combined effects of an edaphic filter (ultramafic soils) and a 
climatic filter (altitude). 
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DCA  Detrended Correspondence Analysis 
DGT  Diffusion Gradient in Thin Films 
DIN  Deutsches Institut für Normung (= German Institute for Standardization) 
DMG  dimethylglyoxime 
DTPA  Diethylene triamine pentaacetic acid 
EC   Electrical conductivity (of soil solution) 
EDTA   Ethylenediaminetetraacetic acid 
FAO   Food and Agriculture Organization (Forestry Department) 
Fe  Iron (element) 
FR   Forest Reserve 
Ha  Hectare (unit) 
HNO3  Nitric acid (70%) 
H2O2  Hydrogen peroxide (30%) 
ICP-AES  Inductively coupled plasma atomic emission spectroscopy 
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ICP-MS  Inductively coupled plasma mass spectrometry 
IEK   Isotopic exchange kinetics 
IER  Ion exchange resin method 
K  Potassium (element) 
Kt  kiloton (metric) 
Kg  Kilogram 
kv  Kilovolt (unit) 
M  Mega (unit) 
LDH   Layered Double Hydroxide  
mA  Mili-ampere (unit) 
Mehlich-3  Multi-purpose soil extraction method following Mehlich et al. 1984 
Mg  Magnesium (element) 
Mg:Ca  Magnesium to calcium quotient 
MMSD Mining, Minerals and Sustainable Development Project 
Mn  Manganese (element) 
mL   Millilitre (unit) 
Mya  million years ago 
MySQL  Open-source relational database management system 
N  Nitrogen (element) 
Na  Sodium (element) 
NH4Ac Ammonium acetate 
NH4F  Ammonium fluoride 
NH4NO3  Ammonium nitrate 
Ni  Nickel (element) 
NMDS  Non-metric multidimensional scaling 
NPK  Nitrogen-Phosphorus-Potassium fertilizer 
P  Phosphorus (element) 
PCA  Principal component analysis 
PCO  principal coordinates analysis 
PRIMER Software suite for statistical analysis of ecological data 
PP   Polypropylene 
pH  (soil) acidity 
S  Sulphur (element) 
SAN   Forest Research Centre Herbarium, Malaysia 
SSE   sequential extraction scheme 
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SIMPER Routine in PRIMER software for calculating group member contributions 
Sr(NO3)2  Strontium nitrate (soil extraction solution) 
SNP   Sabah Parks Herbarium, Malaysia 
TDI   triple-deionised (TDI) water 
TEA   Triethanolamine (buffer) 
UV   Ultra-violet light 
USDA  United States Department of Agriculture 
µg/g  Microgram per gram (unit) 
µm   Micro-meter 
Q/A  Quality Controls (standards) 
XRD   x-ray diffraction 
Zn  Zinc (element) 
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"Within a given climatic region, growth of vegetation is mainly determined 
by the character of the parent material..." 
 
Hans Jenny (1941) 
 
 
"Nothing can be more abrupt than the change often due to  
diversity of soil..." 
 
Alfred Russel Wallace (1858) 
 
 
''I conclude that, if ever there was a nexus of natural phenomena 
demanding biological research, it is around Kinabalu.” 
 
John Corner (1964) 
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1. Brief background 
 
Ultramaﬁc minerals are derived from ferromagnesian-rich mantle rock and consist of maﬁc 
elements (magnesium, iron and relatively high concentrations of certain trace elements such as Ni, 
Co, Cr) (Brooks, 1987; Proctor et al., 2000). In the tropical perhumid climate ultramafic bedrock 
weathers to form deep lateritic red soils (Baillie et al., 2000). Such soils have a number of unique 
chemical characteristics, including a deﬁciency in the macronutrients P, K and Ca, and a surplus 
potentially toxic Mg and Ni (Baillie et al., 2000; O'Dell and Rajakaruna, 2011). The atypical soil 
chemistry has caused the occurrence of distinct vegetation types characterized by relatively low 
stature and high levels of endemicity (Brooks, 1987; Proctor, 2003; Rajakaruna and Baker, 2004). 
Apart from the biological value, (tropical) ultramaﬁc soils host economically important Ni reserves, 
bringing the minerals industry in conﬂict with biodiversity because extracting nickel from these 
deposits is highly destructive. Plant species adapted to ultramaﬁc soils offer, however, considerable 
genetic resources for mine site rehabilitation, but run the risk of being lost if no adequate measures 
are taken during the development of mining operations. 
2. Ultramafic soil chemistry 
 
Ultramafic outcrops (also referred to as ultrabasic or serpentine rocks) and derived soils are 
widespread but relatively rare, covering  >3 % of the surface of the Earth (Guillot and Hattori, 
2013). Ultramafic rocks are widespread on Earth, particularly in tropical countries (including Cuba, 
New Caledonia, Indonesia, Philippines and Malaysia) and found in large tectonic masses 
(‘ophiolites’), which have originated as fragments of the upper mantle obducted along continental 
margins (Searle and Stevens, 1984). The predominant ultramafic rock-type, peridotite, is made up 
of the magnesium-iron-silicates olivine and pyroxene. Low-temperature hydration and 
metamorphism of peridotite leads to serpentinite, accompanied by expansion and different surface 
weathering properties of serpentinite rocks compared to peridotite (Lewis et al., 2006; Alexander, 
2009; Guillot and Hattori, 2013). In tropical settings, weathering of ultramafic bedrock leads first to 
secondary phyllosilicates, then to amorphous and poorly-crystalline Fe-Cr-Mn oxides, and finally to 
crystalline Fe-oxides (Schwertmann and Latham, 1986; Becquer et al., 2006). The ‘end-product’ are 
deep laterite soils (‘ferralitic oxisols’) that form in the lowland zone and have distinct limonite and 
saprolite profiles. In the montane zone on steeper slopes, these soils (‘montane inceptisols’) are 
much shallower and do not feature an extensive limonitic layer and often have significant build-up 
of organic matter (mor humus). Although the distinctiveness of ultramafic soils compared to non-
ultramafic soils is often emphasized (Whittaker, 1957; Brooks, 1987), it is not generally 
acknowledged that ultramafic soils themselves vary greatly in chemical characteristics. 
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3. Plant diversity and ecology of ultramafic soils 
 
Common characteristics among such vegetation types found on tropical ultramafic soils are a 
typically lower stature and unusual species composition compared to vegetation on non-ultramafic 
soils as a consequence of extreme edaphic conditions, climatic conditions and biogeographic 
processes (Brooks, 1987; Proctor, 2003). As such, it has been proposed that discrete ultramafic 
outcrops in conjunction with altitude may have stimulated the evolution of localized edaphic 
endemics (Beaman and Beaman, 1990). Plants occurring on ultramafic soils may be grouped into: 
(a) substrate-indifferent taxa from surrounding communities that occur on both substrates, but with 
some showing a higher abundance on ultramafics (‘facultative ultramafic taxa); (b) taxa that reach 
ultramafic sites as an extension of their normal range (‘outliers’); and (c) taxa that are endemic to 
the substrate (‘obligate ultramafic taxa' or ‘edaphic endemics’) (Kruckeberg, 1986; 1991). 
 
A typical phenomenon on tropical ultramafic mountains is that the altitudinal sequence of forest 
types and associated species composition on ultramafics is compressed (Proctor et al., 1988). This 
phenomenon is analogous to the ‘Massenerhebung effect’ (exacerbated on mountains in coastal 
areas), which denotes telescoping (compression) of the altitudinal vegetation zones on more coastal 
and isolated small mountains compared to relatively more inland larger mountain massifs (Grubb 
1971, 1977; Bush, 1986). The cause of this phenomenon seems to be related to the lowering of the 
cloud base and the frequency of mist (Grubb and Whitmore 1966; Proctor et al. 1988; Bruijnzeel et 
al., 1993; Ashton, 2003). The lowering of the cloud base in turn results in higher precipitation, 
lower mean temperatures, less solar radiation, and slower decomposition rates of organic matter in 
soils leading to a build up of humus and peat, acidification and potential nutrient deficiencies 
(Proctor et al., 1988; Aiba and Kitayama, 1999).  
4. Foliar chemistry and nickel hyperaccumulator plants 
 
Plants require at least 17 elements for completion of the life cycle (Marschner, 1995). These 
elements can be subdivided in subdivided in macronutrients (Ca, K, Mg, P, S), micronutrients (Fe, 
B, Cl, Cu, Mn, Mo, Zn) and elements that are beneficial to some plants (Na, Ni, Co, Si), and the 
foliar abundance of these elements generally decreases as a function of atomic mass (Markert, 
1992). Elemental uptake of Ni is of special interest because three distinct modes are known: 
exclusion (virtually no uptake, most plants), indicator (mild uptake behaviour, common) or 
hyperaccumulation (selective uptake, rare). Nickel hyperaccumulators take up the metal irrespective 
of soil concentrations and are defined as having in excess of 1000 µg Ni/g in dried foliage (Van der 
Ent et al., 2013). To date over 400 nickel hyperaccumulators have been documented, mostly in 
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Cuba (130) (Reeves et al., 2007) and New Caledonia (56) (Reeves, 2003). All Ni 
hyperaccumulators are restricted to soils derived from ultramafic rocks but the phenomenon is still 
rare. Hyperaccumulation is hypothesized to have evolved to interfere with other competing plant 
species (‘elemental allelopathy’), or to protect against insect herbivores (‘elementary herbivory 
defense’), although a variety of other explanations have also been suggested (Boyd and Jaffré 2001, 
Martens and Boyd 1994; 1998, Boyd, 2009). Nickel hyperaccumulators can potentially be used in 
phytomining, and environmentally sustainable ‘green’ technology, if developed as part of a 
rehabilitation strategy of the wastes of strip-mining, to produce Ni metal and Ni salts (Chaney, 
1983; 1998). In a phytomining operation hyperaccumulators are grown over Ni-rich ultramafic 
soils, followed by harvesting and incineration of the biomass to generate a commercial high-grade 
bio-ore (Brooks et al., 1998; Anderson et al., 1999). Tropical regions, such as the extensive 
ultramafic outcrops in Southeast Asia have the greatest potential for future phytomining operations 
because of the presence of extensive lateritic Ni mining operations creating post-mined land in need 
of rehabilitation and the occurrence of native Ni hyperaccumulator resources (Van der Ent et al., 
2013).  
5. The study-area: Kinabalu park (Sabah, Borneo Island) 
 
Insular Southeast Asia is a region that includes New Guinea, Borneo and Sumatra, three of the 
world's four largest tropical islands, amid some 25 000 islands making up the world’s largest 
archipelago. Kier et al. (2005) regard the Borneo lowlands ecoregion as the number one hotspot in 
the world as it is the only ecoregion to surpass 10 000 plant species, while Barthlott et al. (2007) 
consider North Borneo as one of the top five biodiversity centres in the world. Ultramafic rocks are 
widespread and extensive in Sabah (Malaysia, Borneo Island) covering an area of approximately 
3500 km2 or 4.6% of the surface area of Sabah (Proctor et al., 1988; Repin, 1998). The largest 
ultramafic outcrops are (west to east): around Mount Kinabalu (the mountain itself is granite rock), 
Hampuan and Kulung Hill, Morou Porou, Bidu-Bidu Hills, Meliau Range, Mount Tavai and Mount 
Silam. Figure 1.1 shows a map of these, and other smaller, ultramafic outcrops. The flora of Sabah 
is very rich in plant species, with an estimated 8000 higher plants occurring within the boundaries 
of this state (Wong, 1992) of which at least 800 species are endemic (Maycock et al., 2012). 
Compared with other renowned ultramafic floras, for example New Caledonia (5000 km2, 1844 
species), California, United States (6000 km2, 1100 species) and Queensland, Australia (818 km2, 
553 species), Zimbabwe (3000 km2, 322 species), the ultramafic flora of Sabah is very biodiverse 
(3500 km2, 3529 species) (Batianoff and Specht, 1992; Jaffré 1992; Batianoff and Singh, 2001; 
Safford et al., 2005; Harrison and Grace, 2007; Bostock and Holland, 2010). The ultramafic floras 
of Indonesia and the Philippines are also very species-rich, but insufficient information is available 
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to draw precise figures at this stage (Van der Ent et al., 2013). Kinabalu Park is located in the 
northern part of Sabah and covers 754 km2. The Park features two main mountains: Mount 
Kinabalu (4095 m asl) and Mount Tambuyukon (2579 m asl). Mount Kinabalu is the highest 
mountain between the Himalaya Ranges and the Island of New Guinea, and is over 1500 m higher 
than any other mountain in a 900 km radius. The physiographically complex Kinabalu Park protects 
one of the richest floras known worldwide (Barthlott et al., 2007; Beaman, 2005) with over 5000 
plant species in a <1200 km2 surface area. The flora of Kinabalu also has the greatest concentration 
of orchid species on Earth with 127 genera and 856 species and infraspecific taxa (Wood et al., 
2011), as well as 609 species of ferns (Parris et al., 1992). Characteristic for local ultramafic 
outcrops are edaphic endemics of insectivorous pitcher plants from the Nepenthaceae including 
Nepenthes rajah, N. villosa and N. burbidgeae. According to Beaman and Beaman (1990), Phillipps 
and Wong (2001) and Beaman et al. (2003), the high rate of plant endemism in Kinabalu Park is the 
result of a unique combination of factors: 
 
• Different climatic zones present from lowland to sub-alpine; 
• Recent mountain-formation during the late Pliocene-Pleistocene; 
• High geodiversity, particularly ultramafic soils; 
• Precipitous morphology causing isolation; 
• Proximity of ancient mountain ranges forming a ‘species dispersion base’; 
• Geographic isolation from other high-elevation tropical regions; 
• Climatic instability caused by periods of glaciation and frequent catastrophic climatic 
oscillations (El Niño events). 
 
A substantial part of the Kinabalu flora is endemic to either the Park alone or to Borneo Island in 
general. Figure 1.2 shows the outline of ultramafic geology in Kinabalu Park with major outcrops. 
Of the outcrops in Kinabalu Park, Mount Tambuyukon is the largest (89 km2), but many small 
outcrops <1 km2 also exists. The main ultramafic outcrops inside Kinabalu Park include: 
Bambangan Ridge, Layang-Layang, Marai Parai, Penantaran Basin and Bukit Babi. In total 142 
km2 of ultramafic outcrops are found within the boundaries of Kinabalu Park (Collenette 1964; 
Beaman 2005). Of the 18 most important localities for plant diversity in Kinabalu Park that Beaman 
and Beaman (1990) list, 11 are wholly or largely ultramafic. Three localities (Lohan River, 
Hampuan and Kulung Hill) have 30% of their species known only from that locality, pointing to the 
importance of ultramafic soils in promoting plant speciation and narrow endemism (Beaman and 
Beaman, 1990). 
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Figure 1.1. Ultramafic outcrops in Sabah, Malaysia. The outcrops are marked in red and appear as 
an arc through the landscape of Sabah, connecting in the north to offshore islands and Palawan (in 
the Philippines). Globe insert from Wikimedia Commons, 2009, created 8/10/2009. 
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Figure 1.2. Outline of ultramafic outcrops in Kinabalu Park. The largest outcrops are in the north of 
the Park making up Mount Tambuyukon (almost 90 km2) and the Panataran Valley (approximately 
30 km2). 
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1. Introduction 
 
Pristine rainforest areas developed over ultramafic outcrops in Southeast Asia are subject to 
extensive lateritic Ni mining. Plants growing here have, due to thousands or millions of years of 
evolution, adapted to such regoliths. The ability of plants native to ultramafic outcrops to tolerate 
harsh edaphic conditions commends them as the optimal choice for ecological restoration of 
lateritic mineral wastes leftover after conventional strip-mining. Ultramafic outcrops thus provide a 
valuable range of opportunities for ecological research, and invite the following questions: 
 
(i) How does soil chemistry and altitude influence plant diversity and endemism on ‘ultramafic 
edaphic islands’? 
 
(ii) Why is altitudinal vegetation zonation compressed on tropical ultramafic mountains? 
 
(iii) What are the foliar elemental profiles of plants growing on ultramafic soils in relation to 
environmental and phylogenetic variables? 
2. Rationale for this research 
 
The immense resource of plant species naturally occurring on ultramafic soils provides the minerals 
industry with an innovative economic and sustainable approach to effective site rehabilitation and 
mine closure. Using biodiversity to deal with difficult man-made substrates can be seen as a 
sustainable strategy (Johnson and Tanner, 2000), and using such plants in the restoration of mining 
sites can be an effective way to mitigate the often unavoidable loss of habitat. This provides 
incentives to encourage the recording of native biodiversity on ultramafics during exploration and 
to find novel technologies to utilise their properties (Whiting et al., 2004). Over time, there has been 
an increasing impetus for mine re-vegetation programs to use native species (Whiting et al., 2002), 
and the minerals industry is aware that using high levels of native species rather than monocultures 
or introduced species to rehabilitate sites is likely to result in an increased rate of success (Baker, 
2009). Specialised plants such as edaphic endemics on ultramafic outcrops (including Ni 
hyperaccumulator plants) can tolerate edaphic conditions, which are difficult for other plants to 
tolerate (Baker and Brooks, 1988; Baker at al., 2010). Therefore these specialised plants are 
perfectly equipped for the re-vegetation of strip-mined land and lateritic minerals waste and to 
implement environmental technologies such as phytostabilization and phytomining (Whiting et al., 
2004). 
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Identification and documentation of native plant species occurring on ultramafic outcrops are hence 
necessary to facilitate their conservation and effective utilisation by the minerals industry and to 
mitigate biodiversity loss in nickel-mining leases. Rather than viewing mining as an industry that 
could potentially contribute to the reduction of ultramafic habitats and subsequent threats to 
biodiversity, an offsetting perspective could be using plant species native to these areas in the 
rehabilitation to secure their survival. This could provide the minerals industry with an economic 
and sustainable means of site rehabilitation through capitalising on the immense resource of plant 
species naturally occurring on ultramafic soils. While the value of such species would primarily be 
through their tolerance and hence phytostabilisation capacities, at the more extreme end of 
beneficial use, the identification and utilisation of large, fast-growing hyperaccumulators have the 
potential for use in technologies such as nickel phytomining (Anderson et al., 1999; Pollard et al., 
2002; Shah and Nongkynrih, 2007).  
 
Knowledge of the diversity, ecology and potential biotechnological applications of plants native to 
ultramafic ecosystems is limited and highly geographically biased, especially for tropical species, 
despite the ever-increasing minerals exploration and development in such regions (Ginocchio and 
Baker, 2004). The restriction of many species to localised ultramafic soils means that many species, 
whether nickel hyperaccumulators or not, are very rare (Baker et al., 2010). This advocated the 
necessity for thorough systematic research in the world’s hotspots of ultramafic plant diversity. 
Brooks (1987) states: ‘Although this flora is very rich it has hardly been studied at all… this is 
apparent from the very small numbers of papers describing serpentine floras of Malesia.’ 
According to Proctor (2003): ‘The vegetation of the ultramafic rocks of the tropical Far East is… 
very poorly described and inadequately known taxonomically’. This current research project aims to 
investigate one of the world’s least studied ultramafic hotspots of plant diversity. 
3. Research objectives 
 
The overall aim of this research project is to develop an understanding of how the plant diversity 
and foliar chemistry interacts with soil chemistry and altitude on ultramafic outcrops of Kinabalu 
Park. This aim is conceptualised in a model (Figure 2.1) that depicts a predicted decrease in 
vegetation stature and lower overall plant diversity with more adverse climate (i.e. increasing 
altitude) and more adverse soil chemistry (i.e. higher concentrations of extractable Ni, higher 
Mg:Ca molar ratios in the exchangeable complex and lower extractable P). Concomitantly an 
increase in the relative contribution of obligate ultramafic species over facultative ultramafic 
species with increasing altitude and more adverse soil chemistry is also hypothesised. 
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Figure 2.1. Conceptual model showing the interactions of climate (altitude) and soil chemistry on 
overall vegetation stature and plant diversity, as well as relatively numbers of facultative and 
obligate ultramafic species. 
 
The main research objective will be addressed over the three sections of the thesis: (1) chemistry of 
ultramafic soils in Kinabalu Park; (2) foliar elemental profiles and hyperaccumulators; and (3) 
plant-soil interactions and ecology. The main structure of the thesis, and the way in which the 
specific objectives are addressed, is as follows: 
 
Section 1: Chemistry of ultramafic soils in Kinabalu Park; 
 
1. Characterise the soil chemistry of ultramafic outcrops in Kinabalu Park in relation to 
ecological implications; 
 
This objective is addressed in Chapter 3 by extensive chemical characterisation of ultramafic soils 
collected from 87 plots in Kinabalu Park. Soil chemical properties were characterised, in particular 
those of ecological relevance to plants, such as the cation exchange composition, availability of 
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macro-nutrients, and concentrations of extractable trace elements. There was a particular focus on 
the level of serpentinisation and potential floristic implications. It was hypothesised that soils 
derived from bedrock with more complete mineralogical serpentinisation results in soil chemistries 
with more adverse properties to plant life. 
 
2. Determine whether soils on which Ni hyperaccumulators occur naturally have 
distinctive chemical characteristics that could be used to predict their occurrence 
 
This objective is addressed in Chapter 4 where, the soil chemistry from hyperaccumulators was 
compared with the soil chemistry from plots where no hyperaccumulators were recorded with the 
objective to address the question whether soils on which Ni hyperaccumulators appear have 
distinctive chemical characteristics, and if so, whether such characteristics could potentially be used 
to predict the occurrence of Ni hyperaccumulators in the region? 
 
Section 2:  Foliar elemental profiles and hyperaccumulators 
 
3. Determine foliar elemental profiles and elucidate phylogenetic and frequency 
distribution patterns of Al, Ni, Co, Cr, Mn accumulation; 
 
This objective is addressed in Chapter 5 and 6 by analysis of foliar chemistry of a large dataset 
collected from Kinabalu Park. The objective was to elucidate phylogenetic patterns in the foliar 
elemental profiles in the ultramafic flora of Mount Kinabalu. A further objective was to test for the 
presence of bimodal patterns in the frequency distribution of Ni, Co and Mn accumulation, as the 
existence of bimodality is indicative of distinct ecophysiological behaviour associated with 
hyperaccumulation of trace elements.  
 
4. Better understand the phylogenetic patters in (Ni) hyperaccumulation, the ecology of 
hyperaccumulator plants and multi-element concentrations in Ni hyperaccumulators; 
 
This objectives are addressed in Chapter 7 and 8 where the flora of ultramafic outcrops in Sabah 
was screened, principally in Kinabalu Park, for the occurrence of Ni hyperaccumulators. In addition 
general phylogenetic patterns of Ni hyperaccumulation, habitat characteristics, overall plant-soil 
relationships and potential ecological interactions relating to herbivory and allelopathy were 
explored. Furthermore, multi-element concentrations in different plant tissues of a range of Ni 
hyperaccumulator species collected from different natural populations in and near Kinabalu Park in 
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Sabah were presented. This information was aimed at providing insights into elemental 
sequestration in Ni hyperaccumulators, and could inform the selection of suitable Ni 
hyperaccumulators to be evaluated in future Ni phytomining trials. 
 
Section 3: Plant-soil interactions and ecology 
 
5. Elucidate patterns of plant diversity and endemism in relation to soil chemistry and 
altitude on ultramafic edaphic ‘islands’; 
 
This objective is addressed in Chapters 9, 10 and 11 where plant diversity and endemism patterns of 
ultramafic edaphic islands in relation to altitudinal, biogeographical and edaphic factors were 
studied. It was hypothesised that: (1) Overall plant diversity per unit area decreases with altitude, 
but this pattern shows a mid-altitude ‘hump’ due to the presence of montane cloud-forests; (2) 
Adverse soil chemistry compresses altitudinal floristic zonation and is reflected in foliar chemistry 
and leaf litter chemistry; (3) elative proportions of (regional/local) obligate ultramafic and endemic 
species increases with greater altitude and more adverse soil chemistry. 
 
6. Compare vegetation altitudinal zonation between an ultramafic and a non-ultramafic 
mountain; 
 
This objective is addressed in Chapter 12 by quantifying vegetation zonation on Mount 
Tambuyukon in contrast with Mount Trus Madi. It was hypothesised that: (1) Compared with 
Mount Trus Madi, vegetation zonation on Mount Tambuyukon is altitudinally compressed in terms 
of physiognomy and species composition; (2) Levels of plant diversity and endemicity are higher 
on Mount Tambuyukon at all altitudes; (3) The extreme soil chemistry of ultramafic soils is 
reflected in the foliar elemental composition of dominant trees on Mount Tambuyukon, but not on 
Mount Trus Madi. 
 
7. Study habitat differentiation of ultramafic edaphic Nepenthes in Kinabalu Park; 
 
This objective is addressed in Chapter 13 where soil chemistry was studied in relation to the 
specific habitats in which ultramafic edaphic endemic Nepenthes occur. It was hypothesised that: 
(1) vegetation physiognomy (mean height and tree density) rather than co-occurring species 
determine habitat differentiation of Nepenthes species; (2) co-occurring species can be used to 
  55 
predict the occurrence of different Nepenthes species; and (3) the unusual ultramafic soil chemistry 
is reflected in the foliar chemistry of Nepenthes. 
4. Originality and contribution to knowledge 
 
This research project focuses on one of the most biodiverse regions of the world and contributes to 
knowledge and understanding of the biogeochemistry of soil and plants on ultramafic soils, and 
patterns of plant diversity and endemism. Understanding how plant diversity on ultramafic soils can 
contribute to the creation of opportunities for the minerals industry will present some original 
insights and knowledge. Sustainable incentives stimulate exploration to record plant diversity on 
ultramafic soils and to utilise their unique properties in improving environmental performance at 
mine closure of large-scale nickel laterite mining operations. The proven and potential use of native 
plant species in mine rehabilitation can help drive conservation efforts, thus improving 
environmental sustainability of the mining industry beyond the limited regulatory framework. This 
research aims to document the plant diversity on ultramafic soils in Malaysia (Kinabalu Park), and 
methodologies used in this case study could potentially be utilised by the minerals industry in 
Southeast Asia (e.g. in phytomining by the lateritic nickel mining industry in Indonesia). 
5. Research sites 
 
The principal research site is Kinabalu Park in Sabah (Malaysia, Borneo Island). Further, research 
sites are Bukit Hampuan FR, Bidu-Bidu Hills FR and Mount Trus Madi FR (the former serves as a 
non-ultramafic comparison site).  
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Abstract 
 
In Sabah, Malaysia, ultramafic rock outcrops are widespread (totalling 3500 km2), and 
predominantly of the peridotite type. However, strongly serpentinised bedrock is also locally 
common, particularly along fault lines. The unusual chemical properties of ultramafic bedrock have 
resulted in the occurrence of distinct plant assemblages on soils developed over this bedrock. 
Unusual characteristics of ultramafic soils include: very high concentrations of iron, nickel, 
chromium and cobalt, very low concentrations of calcium, potassium and phosphorus, and CEC 
imbalances towards magnesium. This study aimed to characterize the chemical variation in 
ultramafic soils of Mount Kinabalu Park (Sabah, Malaysia). The diverse topography of Mount 
Kinabalu Park (ultramafic soils present between 400–2950 m asl) has given rise to high 
geodiversity with the broad overall ultramafic soil types being: (1) deep laterite soils (ferralitic 
oxisol); (2) moderately deep montane soils (montane inceptisol) with mor humus; (3) shallow 
skeletal soils at high altitude (hypermagnesic cambisol); and (4) bare serpentinite soils (serpentinitic 
entisol) at low altitude (200–700 m asl). The serpentinite soils and the hypermagnesian soils have 
the most extreme chemical properties, the former alkaline and with high Mg:Ca molar quotients, 
and the latter acidic, with extremely high Mg:Ca as well as high phytoavailable nickel. Ultramafic 
soils are generally assumed to be adverse to vegetation, but their diverse chemistries mean that 
generalizations risk over-simplifying what are exceedingly complex and wide-ranging soil 
chemistries.  
 
Keywords: hypermagnesian soils; laterite, Mg:Ca quotient, phytotoxicity, serpentinisation. 
1. Introduction 
 
Ultramaﬁc bedrock is part of the upper mantle (peridotite) obducted in continental margins (Searle 
and Stevens, 1984). Such outcrops are widespread but relatively rare, covering  >3 % of the surface 
of the Earth (Guillot and Hattori, 2013). Parts of Southeast Asia have some of the largest ultramafic 
outcrops in the world (Van der Ent et al. 2013). The rock-type peridotite is made up from 
magnesium-iron-silicates in the minerals olivine and (ortho)pyroxene (Coleman, 1971). Ultramaﬁc 
rock generally itself only contains 0.16–0.4% nickel (Butt, 2007) however these initial 
concentrations increase significantly during surface weathering in tropical climates, resulting in 
nickel laterite soils. Such nickel-enriched ultramafic soils are a major target for nickel and cobalt 
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mining industries, particularly in tropical settings such as in Indonesia, the Philippines and New 
Caledonia.  
 
Properties commonly shared among ultramafic soils include high iron (Fe) and magnesium (Mg) 
concentrations, relatively high concentrations of chromium (Cr), cobalt (Co) and nickel (Ni), high 
magnesium-to-calcium (Mg:Ca) quotients in the exchange complex and low concentrations of 
phosphorus (P) and potassium (K) (both total and extractable). Mount Kinabalu Park (Mount 
Kinabalu, 4095 m asl) is renowned for its plant diversity with over 5000 plant species (Beaman, 
2005), partly the result of its variety of soils derived from a range of different bedrock types 
(‘geodiversity’). Chemical characterization of ultramafic soils is important for understanding the 
ecology and plant/soil interactions of these ecosystems. 
1.2 Geology of ultramafic outcrops in Mount Kinabalu Park 
 
In the Kinabalu area the most common peridotite is lherzolite, and tremolite-bearing peridotites 
whereas harzburgite and wehrlite are rare (Jacobson, 1970). Low-temperature hydration and 
metamorphism of peridotite leads to serpentinite, usually at the sea floor along tectonic boundaries 
(such as near mid-ocean ridges) or during continental emplacement (Lewis et al. 2006; Guillot and 
Hattori, 2013). During serpentinization, the mineral assemblage is completely altered to 
metamorphic equivalents, and only chromite usually remains unaltered (Coleman 1971; Alexander, 
2009). Serpentinite rocks contain very high Mg (18–24%) and high Fe (6–9%) but very low Ca (1–
4%) and Al (1–2%) concentrations (Alexander, 2004). The total transformation of peridotite to 
serpentinite needs 14% water and the rock expands by 33% from dense peridotite (3.2–3.3 g/cm3) to 
less dense serpentinite (2.4–2.6 g/cm3) (Alexander, 2009). This results in fracturing and shearing of 
the rock, and makes many serpentinite outcrops prone to landslides. As such, the weathering 
properties of serpentinite rocks are dramatically different from peridotite bedrock. All near-surface 
ultramafic rock has serpentinised to varying degrees, and serpentinite is used to describe rocks 
containing >50 % serpentine-group minerals (i.e., antigorite, chrysotile, lizardite) in which the 
original (primary, or not metamorphosed) mineralogy is obscured (following Jacobson, 1970). 
1.3 Pedology and mineralogy of ultramafic soils 
 
Ultramafic bedrock contains on average approximately 0.2% Ni, 0.02% Co, 10% Fe and 0.2% Cr 
(Butt and Cluzel, 2013). In tropical settings, weathering of ultramafic bedrock leads first to 
secondary phyllosilicates, then to amorphous and poorly-crystalline Fe-Cr-Mn oxides, and finally to 
crystalline Fe-oxides (Schwertmann and Latham, 1986; Becquer et al., 2006). On well-drained 
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soils, peridotite minerals (olivine and pyroxenes) weather to form secondary (Fe-rich) minerals 
(goethite, hematite), and Mg and Si move down the soil profile and accumulate at depth (Latham, 
1975; Trescases, 1975; Proctor, 2003) whereas Fe and Al are less soluble and remain higher up in 
the profile. The results are deep red laterite soils consisting of a limonite (Fe-oxide) layer and a 
saprolite (Mg, Si-rich) layer. Total Cr concentrations are generally very high in the limonite layer. 
The secondary Fe, Al and Mn oxides are known to be a major sink for Ni because of their high 
sorption capacity (Scheidegger et al., 1998; Becquer et al. 2001), often containing 0.8–1.5 wt.% Ni 
(Fan and Gerson, 2011). The Ni, Mg and Si leached into the saprolite are the main ‘ore’ mined in 
the lateritic nickel mining industry, where Ni is embedded in phyllosilicate minerals (Freyssinet et 
al., 2005) as a substitution for Mg. This layer can contain up to 5 wt.% Ni, and in garnierite over 20 
wt.% Ni (Fan and Gerson 2011), but the average is 2–3 wt.% (Elias, 2001). Well-drained profiles 
can be 20 m deep in the Philippines and New Caledonia, but are usually <5 m in Sabah. These 
regoliths are termed nickel laterites (Butt and Cluzel, 2013), or ferralitic oxisols (Latham 1975 in 
Proctor, 2003). Comparable oxisols form in the montane zone on steeper slopes, but these soils are 
much shallower and do not feature an extensive limonitic layer and often have (in the upper 
montane zone) significant buildup of organic matter (mor humus). In the New Caledonian context 
these soils are termed ‘sols á accumulation humifère’ (Latham 1975; 1980) or Inceptisols (tropepts) 
in the USDA classification (Burnham, 1975; Bruijnzeel et al. 1993). Between the two extremes 
many varieties exists as a result of local erosion, colluvium and climate (Jaffré, 1992). At high 
altitude, very shallow skeletal soils form that are a direct product of primary weathering of the 
bedrock close to the surface. Excess Si recrystallizes to form quartz and excess Mg reacts with 
atmospheric carbon dioxide and precipitates as magnesite (Proctor, 2003). These soils (‘sols bruns 
eutrophes hypermagnésiens’ viz. Latham 1975; 1980 or ‘Hypermagnesic Hypereutric Cambisols’ 
viz. Chardot et al. 2007) have extremely high Mg:Ca quotients as well as high available Ni as a 
result of the disintegration of phyllosilicates.  
 
Coleman and Jove (1992) emphasised the importance of distinguishing between the weathering of 
peridotite, and serpentinite derived from peridotite, the first being mineralogically extremely 
unstable and the latter relative stable. The mineral composition of azonal serpentinite soils (i.e., 
soils derived from disintegrated serpentinite colluvium, probably an entisol in USDA classification) 
therefore contains both primary minerals (chrysotile, antigorite, lizardite) and secondary minerals 
(smectites, magnetite, chlorite, talc)  (Chardot et al. 2007). Generally, ferralitic oxisols and montane 
inceptisols are oligotrophic with very low base saturation and CEC, whereas hypermagnesian 
cambisols and serpentinitic entisols are eutrophic or dystrophic with high base saturation and CEC. 
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1.4 Trace element speciation and toxicity in ultramafic soils 
 
Although nutrient limitations and cation imbalances have been frequently studied as a cause of the 
disjunct vegetation on ultramafic soils (Walker et al. 1955; Proctor, 1970; Nagy and Proctor, 1997), 
relatively high total concentrations of the trace elements Ni, Cr and Co in ultramafic soils have also 
been linked to potential phytotoxic effects (Brooks, 1987; Proctor, 2003). The potential effects of 
Ni, Cr, Co and Mn toxicities on vegetation as a whole are largely unknown, however, despite clear 
evidence of toxicity of these elements to plants in experimental work (Anderson et al., 1973; Taylor 
et al., 1991; L’Huillier et al., 1996). Nickel, in particular, has been attributed as one of the main 
causes for the stunting of some types of ultramafic vegetation (Brooks, 1987, Brady et al. 2005). 
The phytotoxicity of Ni depends mainly on soil-specific chemistry, in particular the mineralogy of 
Ni-bearing phases (High Fe and Mn render Ni in unavailable forms) and soil acidity (pH decreases 
Ni adsorption to release phytotoxic Ni ions) (Hunter and Vergnano, 1952; Crooke, 1956; Halstead, 
1968). In laterite soils, Ni is predominantly associated with Fe-oxides (such as goethite) and Mn-
oxides (such as birnessite), whereas in serpentinite soils, Ni is predominantly associated with 
phyllosilicate and smectite clay minerals (Fan and Gerson, 2011; Dublet et al., 2012). Despite very 
high total concentrations, extractable/phytoavailable concentrations of chromium are generally 
extremely low as soil Cr-bearing minerals (such as chromite, Cr-magnetite) weather extremely 
slowly (Oze et al., 2004; Garnier et al., 2006). Although Co is relatively more soluble in ultramafic 
soils compared to Cr, it is present at much lower total concentrations than either that metal or Ni, 
and very little is known about any (toxic) effects Co might have on plants growing in tropical 
ultramafic soils.  
 
In this study, ultramafic bedrock and soils collected from a 700 km2 area encompassing Kinabalu 
Park were analysed with the objective of characterizing soil chemical properties, in particular those 
of ecological relevance to plants, such as the cation exchange composition, availability of macro-
nutrients, and concentrations of extractable trace elements. Finally, the chemistry of ultramafic soils 
from Kinabalu Park was compared with other tropical soils from around the world. 
2. Materials and methods 
2.1 Study area 
 
Ultramafic outcrops are widespread in Sabah covering a total surface area of approximately 3500 
km2 (Proctor et al., 1988). The individual outcrops range in size from a few km2 to several hundred 
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km2 and are distributed in an arc from Lahad Datu to Serinsim (and Malawali Island off the 
northwest coast). The ultramafic rocks are part of an ophiolite suite which derived from a collision 
suture between the Kalimantan micro-continent and the Sulu Arc (Imai and Ozowa, 1991) when 
oceanic lithosphere of the Sulu Sea was obducted (McManus and Tate, 1986). Mount Kinabalu 
(4095 m asl) itself is a granite intrusion of relatively recent age (Cottam et al., 2010) and ultramafic 
outcrops form a ‘collar-like’ distribution on the mid-elevation around the Kinabalu granite core. In 
the northern part of Kinabalu Park lies Mount Tambuyukon (2579 m asl). Figure 3.1 shows the 
overall geology and main ultramafic outcrops in the study area. 
2.2 Site survey and sample collection 
 
Soil and bedrock samples were collected from 13 different ultramafic sites in Mount Kinabalu Park, 
within an area of approximately 700 km2. Table 3.1 details relevant site attributes (altitude, slope, 
bedrock type, soil type, soil depth, vegetation) and the number of samples collected from each site. 
At each site, at least three soil samples (1–2 kg) and one bedrock sample (2–3 kg) were collected. 
Each soil sample was collected in the A/B mineral horizon, and care was taken not to include 
organic constituents in surface layers. The bedrock samples were collected from a soil pit at each 
site. The sites ranged in elevation from 474–2950 m asl and included a total of 95 discrete sample 
localities (dispersed within each ultramafic site). In addition to the shallow soil samples, five soil 
profiles were also excavated and samples were collected from all horizons down to the bedrock. 
Non-ultramafic soil and bedrock samples were collected from Mount Kinabalu Park, near park 
headquarters (1550 m asl), around Layang-Layang (2700 m asl) and from nearby Mount Trus Madi 
(1600–2450 m asl). The underlying bedrock from the non-ultramafic soils was sandstone, shale and 
granite. The non-ultramafic bedrock and soil samples serve as reference for the contrasting 
ultramafic soil and bedrock chemistry. Soil profiles were described at a 36 m deep profile near 
Hampuan on strongly serpentinised peridotite (1), a 22 m deep profile at Sunsui with a full limonite 
to saprolite layering (2), a 0.9 m deep profile in lateritic (oxisol) regolith near Serinsim (3), and two 
profiles in serpentinitic entisols, 0.75 m and 0.9 m deep, respectively, near Wuluh River (4 and 5). 
All soil samples were packed, brought to the local field station, air-dried at room temperature to 
constant weight (3–4 weeks), sieved to <2 mm, shipped to Australia, and gamma irradiated at 
Steritech Pty. Ltd. in Brisbane following Australian Quarantine Regulations. The rock samples were 
treated identically to the soils, but were dried in an oven at 70°C for 48 hours and ball-milled and 
sieved to <100 µm fraction. 
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2.3 Laboratory analyses: soil chemistry 
 
The analysis of the soil samples took place at the laboratory of the Centre for Mined Land 
Rehabilitation (CMLR) at The University of Queensland in Australia. The soil samples (300 mg) 
were digested using freshly prepared Aqua Regia (9 mL 70% nitric acid and 3 mL 37% 
hydrochloric acid per sample) in a microwave for a 1.5-hour programme and diluted to 45 mL with 
ultrapure (TDI) water before analysis. The method was based on Rayment and Higginson (1992) 
method 17B2. This method yields ‘pseudo-total’ elemental concentrations in soil matrices (viz. 
Rayment and Higginson, 1992). Soil moisture, pH and electrical conductivity (EC) were obtained in 
a 1:2.5 soil:water mixture. Plant-available phosphorus (‘ML-3’) was extracted with Mehlich-3 
solution consisting of (0.2 M CH3COOH + 0.25 M NH4NO3 + 0.015 M NH4F + 0.013 M HNO3 + 
0.001 M EDTA at pH 2.50 ± 0.05) according to Mehlich (1984). Labile (‘lab.’) Ni, Co, Cr and Mn 
were extracted in 0.1 M Sr(NO3)2 at a soil : solution ratio of 1:4 (10 g : 40 mL) and 2 hours’ 
shaking time (adapted from Kukier and Chaney, 2001). As a means of estimating potentially plant-
available trace elements, DTPA-Ni, Co, Cr and Mn were extracted with Diethylene triamine 
pentaacetic acid (DTPA) according to Becquer et al. (1995), which was adapted from the original 
method by Lindsay and Norvell (1978), by the following modifications: excluding TEA, adjusted at 
pH 5.3, here an extraction time of 2 hours was used (instead of 1 hour) and a soil:solution ratio of 
1:4 as Kukier and Chaney (2001) have demonstrated that DTPA can be oversaturated in Ni-rich 
soils. A second method (loosely based on Feng et al. 2005) for extracting phytoavailable Ni, Co, Cr 
and Mn was also employed, and used carboxylic acids (‘CA’) comprising of acetic, malic and 
citrate acid in molar ratio of 1:2:2 at 0.01 M at a soil : solution ratio of 1:4 (10 g : 40 mL) and 2 
hours shaking time. Exchangeable cations (‘exch.’) were extracted with silver-thiorea (Dohrmann, 
2006) over 16 hours.  
 
Ni, Co and Cr partitioning was evaluated with a 5-step selective sequential extraction scheme to 
provide operationally defined solid-phase trace element (Ni, Cr, Co, Mn) fractionation. This scheme 
is based on Quentin et al. (2002), which in turn was modified mainly from Leleyter and Probst 
(1999). Adaptations were made here by combining step 1 and step 2, and by using HNO3/HF high-
pressure microwave digests for the residual fraction (step 5) instead of an alkaline fusion as in 
Quentin et al. (2002). The step for the ‘organic bound phase’ was also omitted because the tested 
soils are extremely low in organic matter. As such the fractions were: water soluble and 
exchangeable (1), bound to Mn oxides (2), bound to amorphous Fe oxides (3), bound to crystalline 
Fe oxides (4), and residual (5). After each extraction step, the tubes were centrifuged for 10 minutes 
at 4000 rpm and the supernatants were then filtered through 0.45 µm membranes.  
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The residues were washed with 20 mL of TDI water, centrifuged again for 10 minutes at 4000 rpm, 
the water decanted, and the residue dried at 40°C prior to the next extraction step. All soil 
extractions were undertaken in 50 mL polypropylene (PP) centrifuge tubes. Soil samples were 
weighed using a 4-decimal balance. Samples were agitated for method-specific times using an end-
over-end shaker at 400 rpm, centrifuged (10 minutes at 4000 rpm) and the supernatant collected in 
10 mL PP tubes. All soil samples were analysed with ICP-AES (Varian Vista Pro II) for Ni, Co, Cu, 
Zn, Mn, Fe, Mg, Ca, Na, K, S and P. The ICP-AES instrument was calibrated using a 6-point multi-
element standard (Ni, Cu, Fe, Mg, Ca, K) prepared in each extraction solution.  
 
Total elemental concentrations in rock samples (100 mg) were obtained by digestion with a mix of 
4 mL 70% nitric acid, 3 mL 37% hydrochloric acid and 2 mL 32% hydrofluoric acid per sample in 
a microwave for a 2-hour programme and diluted to 45 mL before analysis. The method was based 
on Rayment and Higginson (1992) method 17A2. The aliquots were also analysed with ICP-AES as 
detailed above. 
2.4 Laboratory analyses: soil and rock mineralogy 
 
Bedrock and soil samples were analysed for mineral constituents at the University of Rhode Island, 
Department of Geosciences (Kingston, RI). Samples were individually powdered using percussion 
mortar and manual mortar and pestle, and passed through a 150-micron sieve. X-ray diffraction 
(XRD) profiles were collected with an Olympus (formerly InXitu) Terra Mobile XRD System, a 
field portable unit with extremely robust performance (Blake et al., 2012). The Terra is outfitted 
with a microfocus X-ray tube (nominal operating voltage of 28 keV, ﬁlament current of 1.5 A, 
cathode output of 100 µA) with a Co anode, which yields continuum and characteristic X-radiation 
from a 50 µm diameter spot on the Co anode (Blake et al., 2012). 250 exposures generate a well-
defined diffractogram for comparison with reference data files. Minerals were thus detected in the 
complex natural mixtures by comparing sample diffractograms with known reference 
diffractograms for individual minerals.  Similarly, mineral phases were detected in soil samples 
from the profiles with a Bruker D8 Advance X-Ray diffractometer (at the University of 
Queensland, Australia) equipped with a copper target, diffracted-beam monochromator, and 
scintillation counter detector. Conditions for running the samples were: 40 kv, 30 mA, 3–80º 2 θ, 
0.05º step size or increment, with 10 seconds per step. 
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2.5 Statistical analysis 
 
The soil and rock chemistry data was analysed using the software package STATISTICA Version 
9.0 (StatSoft), Excel for Mac version 2011 (Microsoft) and PRIMER Version 6 (PRIMER-E). The 
XRD data was analysed with the XPowder software program (version 1.0), and with DIFFRACplus 
Evaluation Search/Match Version 8.0 and the International Centre for Diffraction Data’s PDF-
4/Minerals database. The map was prepared in ArcGIS version 10 using geological database files 
prepared by Robert Hall (Royal Holloway University, London). 
3. Results 
3.1 Bedrock elemental chemistry and mineralogy 
 
XRD analyses of rock samples show that primary minerals such as forsterite, pyroxene, amphibole, 
and chromite (a spinel) characterize the mineralogy of the peridotite bedrock (Figure 3.2 and Table 
3.2). All ultramafic rocks has serpentinised to varying degrees, however, and the more serpentine-
rich samples also contain talc, chlorite, and magnetite. Summarized chemistry of ultramafic bedrock 
samples (n = 76) are given in Table 3.3. These analyses are compared with samples from non-
ultramafic bedrock from Mount Kinabalu Park and nearby Mount Trus Madi (n = 13). Mean 
concentrations of Al, Ca, Co, Cr, Cu, Fe, Mg, Mn, Ni and Zn are all higher in ultramafic rock, 
whereas K, Na, P and Si are higher in non-ultramafic rock. Compared to the protolith, the elements 
Ca, Mg, Co, Ni and Zn are significantly enriched during weathering and soil formation.  
3.2 Soil elemental chemistry and mineralogy 
 
Table 3.4 presents summarised bulk chemistry of ultramafic soils, contrasted with non-ultramafic 
soils. Mean pseudo-total concentrations of Al and P are similar, whereas concentrations of Ca, Co, 
Cr, Fe, Mg, Mn and Ni are much higher in ultramafic soils. Pseudo-total concentrations of K are 
higher in non-ultramafic soils. The mean DTPA-extractable trace elements (Co, Cr, Cu, Ni and Zn) 
are all higher in ultramafic soils, except for Fe, which is similar. Potentially plant-available P 
(Mehlich-3 extract) is higher in non-ultramafic soils (mean 12 vs. 2.7 µg/g).  The ultramafic soils 
were less acidic than the non-ultramafic soils with a mean pH of 6.0 as opposed to pH 4.6 for non-
ultramafic soils. The soil pH ranges from 3.8 to 9.8. The electrical conductivity (EC) was higher in 
ultramafic soils, indicating higher concentrations of ions in the soil solution. Mean exchangeable 
Ca, Mg and Na are much higher in ultramafic soils, and exchangeable K is similar between 
ultramafic and non-ultramafic soils. Mean exchangeable Al is much higher in non-ultramafic soils. 
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The Mg:Ca in the exchangeable complex is always <1 in non-ultramafic soils (mean 0.2) and >1 
(mean 5.3) in ultramafic soils. Exchangeable K is low and exchangeable Mg is relatively high, and 
the Mg:Ca molar quotient in some soils is extremely high (up to 82). Significant (p <0.01) strong 
correlations exist between total Co and Mn (r = 0.87) and carboxylic acid extractable Co and Mn (r 
= 0.93), between total Ni and Co (r = 0.63), between total Fe and Cr (r = 0.83), and between pH and 
total Mg  (r = 0.67). 
 
Soil pseudo-total elements of the main ‘ultramafic edaphic islands’ are shown in Table 3.5, 
whereas soil extractable trace elements, exchangeable macro-elements are shown in Table 3.6. 
XRD-analyses of soil samples provide evidence of serpentinisation and weathering (Table 3.7 and 
Figure 3.3). Figure 3.3 shows some serpentine-rich soils with a smectite component, and 
magnetite, this is a typical weathering product of ultramafic bedrock. Most samples have a 
prominent goethite (iron oxyhydroxide) component, and are mixtures of talc, amphibole, pyroxene, 
and minor serpentine.  
3.3 General classification of ultramafic soil types in Mount Kinabalu Park 
 
Figure 3.4 shows two NMDS-plots of pseudo-total elements (A) and exchangeable and extractable 
elements (B) with the 13 different sites colour-coded (and non-ultramafic comparison soils 
included). Four main types of ultramafic soils can be distinguished in Mount Kinabalu Park: 
 
I. Deep laterite soils (ferralitic oxisol) developed on undulating terrain, either over peridotite 
or strongly serpentinised peridotite. These soils are characterised by extremely high pseudo-
total Fe and Cr, low CEC (0.1–2 cmol/kg), acidic (pH 4.5–5.5) and low exchangeable Mg. 
Distribution: Serinsim, Nalumad. 
 
II. Moderately deep montane soils (montane inceptisol - tropepts) frequently with high build-up 
of organic matter (mor humus). These soils are acidic (pH 5–6), often with high 
exchangeable Al, but low CEC (1–3 cmol/kg) and high pseudo-total Fe, Cr and Ni. 
Distribution: Mesilau, Bukit Babi, Bambangan, Marai Parai, Bukit Hampuan, Mount 
Tambuyukon (slopes), Mount Nambuyukon. 
 
III. Very shallow skeletal soils on high-altitude (2400–2950 m asl) weathered peridotite with 
very little organic matter (hypermagnesic cambisol). These soils are characterised by 
extremely high pseudo-total and exchangeable Mg, low CEC (3–5 cmol/kg), very high 
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extractable Ni (50–180 µg/g DTPA-Ni) and Mn (250–500 µg/g DTPA-Mn), and are 
moderately acidic (pH 5–5.8). Distribution: Mount Tambuyukon (summit), Layang-Layang. 
 
IV. Soil developed on bare serpentinite (serpentinitic entisol) at low altitude (400–700 m asl) 
with high total and exchangeable Mg (Mg:Ca 5–25), very high CEC (15–25 cmol/kg), high 
extractable Ni (20–50 µg/g DTPA Ni) and circum-neutral (pH 6.5–7.5) near the surface and 
highly alkaline at depth (pH 8–9.5). Distribution: Panataran Valley, Wuluh River. 
 
In the NMDS (Figure 3.4), the two major opposing vectors are Mg, Na, Ca and Fe, Cr, with the 
serpentinitic entisols clustering along the first, and the ferralitic oxisols clustering along the far end 
of the second. The hypermagnesic cambisols spread towards the Fe, Cr vector, and the montane 
inceptisols are intermediate. The non-ultramafic comparison soils cluster towards the K, Al vectors. 
The NMDS with extractable and exchangeable elements is very different, and only the 
hypermagnesic cambisols are immediately apparent towards the exchangeable Mg, Ca vector. The 
hypermagnesic cambisols cluster towards the carboxylic acid extractable Fe, Mn, Ni vector. The 
montane inceptisols are intermediate, whereas the ferralitic oxisols cluster in the centre, which can 
be explained by extremely low extractable/exchangeable elements as a result of intensive leaching. 
The soils from Marai Parai are waterlogged and have extremely high exchangeable Al, similar to 
many of the sandstone-derived non-ultramafic soils. The soils from Bukit Hampuan, Bambangan 
and Mesilau, all localities with complex geologies that contain serpentinite bedrock, evident in 
bedrock analysis and in the vegetation, cluster towards the exchangeable Mg, Ca vector.  
3.4 Soil chemistry and trace element partitioning in the main soil types 
 
The carbolic acid extractable Co is extremely high in the hypermagnesic entisols with up to 122–
263 µg/g (on Mount Tambuyukon), whereas extremely high extractable Ni occurs in the 
hypermagnesic entisols on Mount Tambuyukon (176–404 µg/g) and in serpentinitic cambisols at 
Wuluh River (240–414 µg/g). Pseudo-total Mn concentrations are highest in montane inceptisols 
and hypermagnesian cambisols in the high-altitude zone of Mount Tambuyukon, reaching up to 
33 590 µg/g. The carboxylic acid extractable Mn is also extremely high (up to 3727 µg/g). 
Likewise, pseudo-total and carboxylic acid extractable Ni are similarly extremely high (up to 7000 
µg/g and 404 µg/g respectively) at this location and likely to contribute to the toxicity of these soils. 
High pseudo-total Cu occurs on a variety of soils reaching up to 453 µg/g, but extractable 
concentrations are low in all soils. The sequential extraction (Figure 3.5) shows that amorphous Fe-
oxides (AM-Fe) are important phases for Ni and Cr in hypermagnesian cambisol and montane 
inceptisols, and particularly in serpentinitic entisols, but not in ferralitic oxisols where crystalline 
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Fe-oxides (CR-FE) are more important. In all soils exchangeable Cr is extremely low, whereas 
exchangeable Ni in hypermagnesian cambisols and montane inceptisols is relatively high. In 
contract, exchangeable Co is extremely high in some ferralitic oxisols, but not in serpentinitic 
entisols. Residual concentrations for all four elements make up >50% of the total partitioning. 
General features of all soil profiles are relatively acidic topsoils, but with a marked increase in soil 
pH with depth (Table 3.8). This rise in pH (and CEC) coincides with the increase in exchangeable 
Mg and Ca, ions that were leached down the profile and accumulated in the saprolite layer above 
the bedrock. Trace metals (Ni, Co, Mn) are mainly incorporated in weathering-resistant minerals, 
such as chlorite and other Fe- and Al-bearing secondary phases (oxy-hydroxides, smectite, 
phyllosilicates) and overall increase with depth due to enrichment. The most mobile metal (Ni) 
strongly increases with depth, but Co is fairly constant. XRD-analyses of the Hampuan profile 
shows that gibbsite, goethite and Na-Al silicates are important mineral phases in the 0–4 m zone, 
whereas maghemite and rostite occur in 7–16 m zone, and clinochlore, greenalite and nacrite occur 
at 26–30 m. Mineral phases in the bedrock include enstatite, gismondine and quartz. 
3.5 Characteristics and distribution of the main ultramafic soil types 
 
Deep laterite soils (ferralitic oxisols) occur in low-lying areas in valleys and on plateaus. Although 
not widespread in the mountainous terrain of Mount Kinabalu Park, these types of ultramafic soils 
are common elsewhere in Sabah, and are particularly well developed on the Mount Tavai Plateau 
near Telupid. These are typical ‘laterite’ red deep soils (up to 36 m has been observed at a road 
excavation), well-drained and frequently have Fe concretions (magnetite) on the surface. Pseudo-
total concentrations of Fe and Cr are extremely high, CEC is low and concentrations of extractable 
trace elements (Ni, Co, Cr) are all low. The Mg:Ca quotient is generally low and not likely to have 
major effects on the vegetation. The vegetation on these soils (particularly on undulating terrain and 
plateaux) is very tall dipterocarp-forest with a sparse understorey of tree saplings but virtually no 
herbs. Despite very low concentrations of (plant-available) nutrients, including P, Ca and K, these 
soils support very high biomass ecosystems. Most nutrients are contained in the living biomass, and 
recycling from leaf litter mass is fast (as evidenced by the distinct absence of any significant leaf 
litter accumulation) and efficient (as indicated by the high densities of surface roots).  
 
The most common soils in Mount Kinabalu Park are montane inceptisols (tropepts) that occur on 
moderate to steep slopes at altitudes of 900–2500 m asl. Particularly in the cloud forest zone, there 
is a thick buildup of mor humus and in some flatter areas, sphagnum peat. The typical vegetation is 
either open lower montane forest (>1800 m asl) or dense upper montane forest (‘cloud forest’) at 
altitudes 1800–2500 m asl. These soils are acidic (pH 4.5–5.8) with low CEC and intermediate 
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Mg:Ca quotients. These soils are very widespread in Mount Kinabalu Park and cover most (steep 
slopes) on ultramafic bedrock. The formation of peat has been attributed to the frequency of cloud-
cover and hence the continuous saturation of the soil (Proctor et al., 1988). These ultramafic soils 
are fairly similar to the non-ultramafic soils at the same altitude and, as a consequence, few plant 
species are unique to the ultramafic equivalents, although stunting is more pronounced. The 
ultramafic soils at Marai Parai (1550–1700 m asl) on Mount Kinabalu’s west face are constantly 
waterlogged from water percolating from the granite summit plateau that towers above. As a result, 
there is peat formation and acidification of these soils and the vegetation is a graminoid scrub 
resembling that of the summit region of Mount Tambuyukon at much higher altitude, despite 
entirely different soil chemistries. The lack of trees might be explained by the combination of 
waterlogging and extremely high concentrations of exchangeable Al that are likely to be phytotoxic 
at pH below 5.2. 
 
The characteristics of the hypermagnesic cambisols with extremely high Mg:Ca molar quotients 
and very high extractable Ni and Mn concentrations results from direct weathering of the bedrock, 
and hence the soil chemistry is largely a reflection of that bedrock. These soils are very shallow and 
boulders of bedrock dominate the surface with virtually no soil formation processes evident. In 
these conditions the vegetation ranges from stunted upper montane forest (9–10 m) to tufts of 
dwarf-scrub barely 0.3 m tall. Although in the cloud-zone, high wind velocity coupled with high 
altitude renders this a habitat with great temperature and moisture regime extremes. In these 
shallow soils Mg:Ca can be as high as 70. Similar soils occur in the summit zone of Mount 
Tambuyukon (2300–2570 m asl), and here a unique (species-rich) graminoid scrub with many 
endemics has developed despite the soils having such high Mg:Ca quotients and phytoavailable Ni 
and Mn. 
 
The three major serpentinite occurrences in Mount Kinabalu Park are located in the Wuluh Valley, 
the Bambangan Valley and the Panataran Valley. At these locations, rivers cut through the 
formations, which originally formed along major fault lines (and such topographic weaknesses are 
exploited by the rivers in the present day). These fault lines were fissures during emplacement 
through which water could circulate and interact with peridotite rock resulting in serpentinisation. 
Serpentinitic entisols occur mainly on (extremely) steep slopes facing the respective rivers. At these 
localities, massive serpentinite bedrock crops out and is undercut by a river, causing cascades of 
landslides of fresh rock debris. The unweathered debris is rich in fines and clay (talc, smectite) but 
these soils have very little structure or accumulation of organic matter. The older soils on ridges and 
old landslides have a thick layer of organic matter (L-horizon) mainly made up of needles of 
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Casurinaceae-trees which decompose slowly, with a developed A-horizon (<20 cm) and unaltered 
serpentinite debris underneath. The soil pH ranges from 6.5 in the soils rich in organic matter to pH 
9.8 in the unweathered soil and further down the profile (>50 cm). Some of these serpentinitic 
cambisols have extremely high carboxylic acid extractable Cr concentrations (up to 170 µg/g), 
which potentially cause toxicity effects on the vegetation. Some mixed soil types also exist, in 
particular Bambangan and Mesilau (moderately deep montane soils with mor humus buildup on 
serpentinite bedrock), and Bukit Hampuan (also serpentinite bedrock, but drier eroded soils). The 
intermediate properties of these soils are reflected in the soil chemistry (relatively high pH, high 
Mg:Ca) as well as in the vegetation these soils support (occurrence of Casurinaceae is indicative of 
serpentinite).  
4. Discussion 
 
The occurrence and chemical characteristics of these soils are a function of bedrock mineralogy 
(serpentinisation), weathering and landscapes attributes (altitude, slope). Overall, ultramafic soils 
are less acidic, have higher EC, have higher pseudo-total Ca, Co, Cr, Fe, Mg, Mn and Ni, higher 
exchangeable Ca and Mg, higher Mg:Ca quotients, similar exchangeable K, higher DTPA-
extractable Co, Cr, Cu and Ni, and lower plant-available P when compared to non-ultramafic soils. 
In comparison with other tropical ultramafic soils from around the world (Table 3.9), the ultramafic 
soils from Mount Kinabalu Park are very diverse in their chemical properties, and some of the 
extractable concentrations of Ni, Co and Cr are exceptionally high. Although extractable Cr is 
highest in serpentinitic entisols, pseudo-total Cr is highest in ferralitic oxisols (at the Serinsim site) 
and comparable to the very high values in the New Caledonian soils.  
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Figure 3.1. Geological map of the study area with sampling sites marked (coloured circles) 
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Figure 3.2. Stacked XRD profiles for rock specimens, with diagnostic peaks and Miller indices 
provided for constituent minerals. ACT = actinolite (an amphibole), ENST = enstatite (a pyroxene), 
DIOP = diopside (a pyroxene), FOR = forsterite (Mg-rich olivine), MAG = magnetite, SERP = 
serpentine, SPIN = spinel, TALC as written.  
  80 
 
Figure 3.3. Stacked XRD profiles for soil samples with diagnostic peaks and Miller indices 
provided for constituent minerals. ACT = actinolite (an amphibole), ENST = enstatite (a pyroxene), 
DIOP = diopside (a pyroxene), FOR = forsterite (Mg-rich olivine), MAG = magnetite, SERP = 
serpentine, SPIN = spinel, TALC, GOE = goethite, CHL = chlorite, and QTZ = quartz as written.  
  81 
 
 
Figure 3.4. NMDS of pseudo-total soil elements (A) and exchangeable and extractable elements  
(B) from all collection sites, contrasted with non-ultramafic comparison soils. The 4 main soil types 
are nominally outlined in the NMDS-plots (based on site typology). 
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Figure 3.5. Partitioning of Ni and Co over soil fractions (as percentage of total) of the four main 
soil types (EX = water soluble and exchangeable, Mn-OX = bound to Mn oxides, AM-Fe = bound 
to amorphous Fe oxides, CR-Fe, bound to crystalline Fe oxides, Res = residual.  
  83 
 
Table 3.1. Collection localities with environmental and pedological attributes (bedrock types, soil 
classes, soil depth) and main vegetation types. 
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Table 3.2. Mineralogy as determined by XRD in selected rock samples. Total elemental 
concentrations in selected rock samples (µg/g or % if indicated).  
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Table 3.3. Bedrock chemistry (ranges and means) of ultramafic and non-ultramafic bedrock total 
values (pressurised HF/HCl/HNO3 microwave digest). 
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Table 3.4. Chemistry of ultramafic and non-ultramafic soils. Abbreviations: ‘pseudo-total’ 
microwave-assisted digestion with HNO3 and HCl, 'DTPA' is DTPA-extractable metals, 'ML-3' is 
Mehlich-3 extractable P, and 'exch.' is exchangeable with silver-thiorea. 
  
Ultramafic Extract Unit
Al pseudo-total mg/g 1.2 - 118 19 0.3 - 92 19
Ca pseudo-total µg/g 7.7 - 39300 2433 2.2 - 12380 541
Co pseudo-total µg/g 0.5 - 1524 253 0.5 - 26 7.7
Cr pseudo-total µg/g 121 - 21710 3873 2.4 - 170 36
Cu pseudo-total µg/g 2.4 - 453 47 0.04 - 83 16
Fe pseudo-total mg/g 21 - 535 144 0.1 - 121 16
K pseudo-total µg/g < 0.1 - 1056 93 38 - 7297 1065
Mg pseudo-total mg/g 0.3 - 235 32 0.03 - 18 1.9
Mn pseudo-total mg/g 0.04 - 34 3 < 0.01 - 1.5 0.1
Na pseudo-total µg/g < 0.1 - 361 146 2.4 - 132 55
Ni pseudo-total µg/g 17 - 9308 1623 0.5 - 338 28
P pseudo-total µg/g 4.4 - 585 127 20 - 532 121
S pseudo-total µg/g 33 - 6172 371 64 - 641 212
Zn pseudo-total µg/g 13 - 373 107 1.2 - 111 19
pH 1:2.5 H2O - 3.8 - 9.7 6.0 3.5 - 7.2 4.6
EC 1:2.5 H2O µS 9.0 - 939 165 18 - 291 74
Al DTPA µg/g 0.03 - 522 14 2.5 - 850 337
Ca Exch. µg/g 0.6 - 6946 402 17 - 3394 125
Co DTPA µg/g 0.04 - 96 17 < 0.1 - 0.9 0.2
Cr DTPA µg/g < 0.1 - 13 0.4 < 0.1 - 0.7 0.1
Cu DTPA µg/g < 0.1 - 26 1.7 < 0.1 - 7.4 0.7
Fe DTPA µg/g 0.5 - 873 96 2.9 - 737 159
K Exch. µg/g 0.7 - 307 36 2.5 - 191 38
Mg Exch. µg/g 1.8 - 9155 942 0.2 - 57 12
Mn DTPA µg/g 0.4 - 822 215 0.1 - 40 3.6
Na Exch. µg/g 1.5 - 1652 103 0.2 - 89 11
Ni DTPA µg/g 0.2 - 442 62 0.03 - 3.3 0.3
P ML-3 µg/g < 0.1 - 32 2.7 1.7 - 80 12
S DTPA µg/g 0.9 - 683 24 1.0 - 33 6.5
Zn DTPA µg/g 0.02 - 161 1.2 0.05 - 16 0.9
Mg:Ca Exch. - < 0.1 - 82 5.3 < 0.1 - 1.0 0.2
Ultramafic soils ( n = 423) Non-ultramafic soils ( n = 67)
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Table 3.5. Soil pseudo-total elements of the main ‘ultramafic edaphic islands’ in µg/g or mg/g if 
marked with * (as means from unpressurised HNO3/HCl microwave digests).  
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Table 3.6. Soil extractable (carboxylic acid) elements (Co, Fe, Mn, Ni) in µg/g, exchangeable 
elements (Al, Ca, K, Mg, Na) in cmol(+)/kg and Mehlich-3 extractable P (µg/g), all as means.  
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Table 3.7. Mineralogy as determined by XRD in selected soil samples. Pseudo-total elemental 
concentrations in selected soil samples (µg/g).  
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Table 3.8. Soil profiles: pseudo-total values for soil in µg/g (except pH and EC), total values for 
bedrock in % (Ca, K, Mg, Al, Fe, Si) and µg/g (Co, Cr, Mn, Ni, P). 
D
ep
th
 (m
)
pH
E
C
C
a
K
M
g
M
g 
: C
a
A
l*
C
o
C
r*
Fe
*
M
n
N
i
N
i M
L
-3
P
Si
Su
ns
ui
0-
5
4.
4
55
22
4
13
17
0.
1
16
5
0.
9
76
96
55
1.
1
43
-
5-
9
5.
7
12
22
6
13
23
7
1.
1
19
18
1.
0
98
40
8
14
4
3.
5
35
-
5-
9
5.
8
16
9
61
1
51
21
42
3.
5
27
15
0
1.
1
10
9
31
57
14
78
92
14
2
-
9-
10
6.
1
89
1
66
7
34
39
96
6.
0
17
66
0.
8
51
46
7
19
60
31
8
51
-
10
-1
4
6.
3
19
6
74
4
12
9
48
52
6.
5
17
11
4
0.
9
10
2
20
14
18
10
52
10
0
-
14
-1
8
6.
7
10
0
90
5
57
61
79
6.
8
18
18
0
0.
8
91
20
43
20
83
43
10
4
-
18
-2
2
6.
9
19
5
10
43
90
34
23
3.
3
6
15
7
0.
8
86
16
48
30
72
11
1
32
-
B
ed
ro
ck
-
-
6
1
42
0
-
9
70
69
4
68
12
10
95
3
-
49
22
6
H
am
pu
an
0-
4
6.
0
18
23
1
13
18
0.
1
10
0
87
8
14
.6
39
5
69
31
25
09
0.
4
10
6
-
4-
7
6.
2
10
23
0
13
13
7
0.
6
92
67
1
15
.8
38
3
70
33
35
83
2.
1
92
-
7-
16
5.
6
13
22
0
16
31
0.
1
89
10
55
15
.8
37
2
81
06
31
01
0.
7
74
-
16
-2
6
6.
5
55
46
5
9.
2
33
89
7.
3
37
10
40
14
.0
35
2
87
28
69
85
44
47
-
26
-3
0
7.
6
85
68
6
11
63
12
9.
2
13
69
4
5.
1
25
4
75
40
93
08
10
2
41
-
30
-3
6
7.
2
13
2
95
0
5.
2
91
55
9.
6
34
59
7
9.
0
17
6
75
12
71
64
12
9
20
-
B
ed
ro
ck
-
-
12
0.
2
12
6
-
7
8
12
44
23
10
32
96
3
-
67
3.
9
Se
ri
ns
im
0-
0.
1
5.
1
74
20
7
29
28
0.
1
33
15
1
17
.6
42
6
47
54
25
32
19
44
3
-
0.
3-
0.
4
5.
3
55
20
8
14
12
0.
1
31
19
16
.9
40
7
32
43
26
22
1.
9
14
9
-
0.
8-
0.
9
5.
3
29
21
2
6.
6
10
0.
0
36
18
1
19
.9
45
3
34
93
32
05
0.
7
18
6
-
B
ed
ro
ck
-
-
0.
4
0.
4
25
6
-
6
13
19
09
57
31
24
24
60
-
53
11
W
ul
uh
 R
iv
er
 1
0-
0.
05
6.
4
18
0
23
6
36
17
33
7.
3
2.
5
93
2.
2
41
13
58
18
35
68
80
-
0.
5-
0.
1
7.
1
11
6
22
0
23
11
15
5.
1
2.
6
96
2.
4
40
12
92
16
69
52
59
-
0.
1-
0.
3
7.
4
11
2
19
7
4.
5
33
1
1.
7
2.
3
10
7
2.
4
45
15
17
21
81
18
12
-
0.
3-
0.
5
8.
5
14
2
18
0
1.
8
17
3
1.
0
2.
3
86
2.
7
40
13
10
17
23
2.
1
20
-
0.
5-
0.
75
9.
2
72
6
20
4
5.
1
62
18
30
.4
2.
1
82
2.
1
39
12
33
18
29
6.
6
13
-
B
ed
ro
ck
-
-
1.
8
0.
05
32
6
-
4.
7
8
24
55
42
.5
86
0
11
11
-
24
13
  91 
 
 
Table 3.9. Chemistry of tropical ultramafic soils from around the world. CEC and exchangeable 
cations with silver-thiorea, 2 CEC and exchangeable cations with ammonium acetate, 3 Olsen-P 
extract (NaHCO3), 4 Soil digestion with HNO3/HCl, 5 Ammonium acetate extract, 6 Acetic acid 
extract/digestion, 7 Bray’s extract, 8 DTPA-extract, 9 Mehlich-3 extract.  
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Abstract 
 
Nickel (Ni) hyperaccumulator plants have been the focus of considerable research because of their 
unique evolutionary and ecophysiological characteristics, and for potential utilization in 
phytomining. However, little attention has been devoted to the soil chemistry of tropical Ni 
hyperaccumulators in their native habitat. The main aim of this study was to elucidate whether the 
chemical properties of the soils where Ni hyperaccumulators occur in Kinabalu Park (Malaysia) 
were sufficiently distinct to enable such properties to be used as a predictor of the occurrence of 
such species in the region. The soil chemistry in the rooting zone of 17 Ni hyperaccumulator 
species was compared with local ultramafic soils in which Ni hyperaccumulator species were 
absent. The results show that Ni hyperaccumulators were restricted to circum-neutral soils with 
relatively high phytoavailable calcium, magnesium and Ni concentrations. There was a ‘threshold 
response’ for the presence of Ni hyperaccumulators at >20 µg/g carboxylic-extractable Ni or >630 
µg/g total Ni, and >pH 6.3 delimiting their range. Such specificity for soil chemistry can potentially 
be used to predict the occurrence of Ni hyperaccumulators in for example, future Ni mine leases. 
From this we developed two (not mutually exclusive) hypotheses were proposed to explain Ni 
hyperaccumulation on these soils: (i) hyperaccumulators excrete root exudates to increase mineral 
weathering and consequently Ni release; and (ii) hyperaccumulators severely deplete the soluble Ni 
pool with resupply via diffusion from soil Ni pools. It was concluded that there was a species 
preference for soils with highly labile Ni pools, therefore supporting hypothesis (ii). Experiments 
using tropical Ni hyperaccumulators are required to follow the Ni pathway in the rhizosphere to 
root uptake continuum in order to clarify mechanisms of metal sequestration. 
 
Keywords: depletion gradient, nickel sink, pathway, rhizosphere, root exudates. 
1. Introduction 
 
Hyperaccumulators are rare plants that accumulate metallic trace elements to extraordinarily high 
concentrations in their living tissues (Van der Ent et al., 2012). Some of these species can attain up 
to 6% Ni in their leaves (Reeves et al., 1999) and up to 25% in the phloem sap (Jaffré et al., 1976). 
These are amongst the highest trace element concentrations in any living tissue. Ni 
hyperaccumulator plants have the potential to be utilized in phytomining operations, an approach 
which uses the ability of hyperaccumulators to sequester metals in biomass and as such produce a 
high-grade ‘bio-ore’ (Brooks and Robinson, 1998; Chaney et al., 1998) that contains 10–20% Ni. 
  94 
The high purity of such Ni bio-ore makes it uniquely suited for the manufacture of Ni-based 
catalysts for the chemical industry (Losfeld et al., 2012) or for high purity nickel chemicals for the 
electronics industry (Barbaroux et al. 2012; Van der Ent et al., 2013). Critical to developing Ni 
phytomining, however, is the better understanding of the Ni pathways across the soil - plant 
interface. A first step in this understanding is the study of the ecology and habitat of Ni 
hyperaccumulators in their native ranges, particularly in relation to the characteristic soils in which 
natural populations occur. 
 
Ni phytoavailability in soils depends on the Ni-bearing phases (Becquer et al., 2001; Quantin et al., 
2001) with soil pH generally determining Ni solubility (Anderson and Christensen, 1988). In 
ultramafic soils, Ni co-localizes predominantly with Fe and Mn and with Layered Double 
Hydroxide (LDH) minerals (Siebecker and Sparks, 2010). Soil weathering of primary minerals 
releases Ni, which can then be incorporated in secondary minerals or adsorbed into these phases 
(Massoura et al., 2006). In intensively weathered (limonitic) ultramafic soils, Fe-oxides (goethite) 
and Mn-oxides (birnessite) are the main Ni bearing phases (Quantin et al., 2008; Alves et al., 2011). 
In such soils, Ni is incorporated into neogene goethite through replacement of Fe, or associated with 
phyllomanganates via adsorption onto the Mn-oxide layers and substitution for Mn within these 
layers (Fan and Gerson, 2011). Ni adsorption is favoured on Mn-oxides because of their negative 
surface charge (Alves et al., 2011) and are very sensitive to redox conditions (Quantin et al., 2002). 
Although Mn-oxides are generally less abundant than Fe-oxides, the lower point of zero charge 
means a higher adsorption capacity at soil pH 5–7 (Cornu et al., 2005; Raous et al., 2013) and as a 
consequence, Ni is more easily desorbed from Mn-oxides compared to Fe-oxides (Quantin et al., 
2001).  
 
In less intensively weathered (serpentinitic) soils and in the saprolite layer beneath limonitic strata, 
Ni is mostly associated with phyllosilicates and smectites as replacement for Mg in the lattices and 
as outer sphere complexes (Chardot et al., 2007; Fan and Gerson, 2011; Raous et al., 2013). 
Generally, Ni phytoavailability is higher in soils where phyllosilicates are the main phases for soil 
Ni, as opposed to soils where well-crystallized Fe-oxides are the main Ni phase, however soils with 
high contents of amorphous Fe-oxides have also been shown to have high phytoavailability of Ni 
(Massoura et al., 2006). Adsorption to mineral phases increases with increasing pH, and the 
adsorption edge is inversely related to the pK of the metal ion hydrolysis reaction (Basta et al., 
2005). Increasing soil pH decreases Ni phytotoxicity in ‘normal’ plants (Siebielec et al. 2007), 
which can be explained by increasing Ni adsorption to soil phases, and reduced H+ competition. For 
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example, Ni adsorption on Fe-oxides (goethite) increases approximately 75-fold when soil acidity 
increases from pH 5 to pH 7 (Basta et al., 2005). 
 
Ni hyperaccumulators can hyperaccumulate Ni from soils with relatively low (phytoavailable) Ni, 
whereas non-accumulator plants show no signs of Ni phytotoxicity (Proctor, 2003; Reeves, 2003). 
Such highly efficient uptake mechanisms suggest that the response of hyperaccumulators to soil Ni 
concentrations is vastly different from non-accumulator plants, but there is no consensus for any 
one method to predict the quantity of Ni accumulation in a hyperaccumulator. Estimating Ni 
phytoavailability and uptake in plants, including hyperaccumulators, has been widely studied using 
single extraction methods (such as the NH4Ac, DTPA, CaCl2, Sr(NO3)2 extracts), Ion exchange 
resin methods (IER), Isotopic exchange kinetics (IEK) and Diffusive Gradients in Thin-films 
(DGT) (Echevarria et al., 1998; Becquer et al., 2002). The IER method was found to significantly 
correlate to Ni uptake in non-hyperaccumulator plants in New Caledonia and was preferred over 
KCl and DTPA extraction methods (Becquer et al., 2002). The IEK method showed that Ni 
accumulation in hyperaccumulator and non-hyperaccumulator plants was mainly related to the same 
Ni labile pool (Shallari et al., 2001; Massoura et al., 2004), despite the fact that hyperaccumulators 
can accumulate 100–1000 times more Ni in their tissues compared to the non-accumulator plants.  
 
Generally, the amount of Ni extracted from a soil is inversely related to the pH of the extraction 
solution (Robinson et al., 1996), but experiments have shown that hyperaccumulators can extract 
large amounts of Ni over a wide pH range (Robinson et al., 1999). Plant-induced acidification of the 
rhizosphere cannot explain hyperaccumulation, as neither a reduction of pH in the rhizosphere nor 
the release of reductants from the roots was associated with the Ni hyperaccumulator Alyssum 
(Bernal et al., 1994a and b). Studies using soil amendments to evaluate the uptake of Ni in 
hyperaccumulators have demonstrated that the addition of Mg and Ca carbonates led to decreased 
Ni extractability in the soil and decreased accumulation in the plants, whereas addition of S 
decreased pH and increased Ni accumulation (Robinson et al., 1999). This was attributed to an 
increase in soil pH (for Mg addition) and to ion competition (for Ca addition). Kukier et al. (2004) 
showed increased Ni accumulation in a hyperaccumulator with an increased soil pH, although 
water-soluble soil Ni actually decreased. In contrast, in ultramafic soils from Portugal, no negative 
correlation of soil solution Ni with soil pH was found, which was hypothesized to be the result of 
specific Ni adsorption to Mn-oxides (Alves et al., 2011). This is confirmed by studies on 
isotopically-exchangeable Ni soil pools ('E-value'), which at higher pH show that Ni is more 
adsorbed and therefore high loadings can occur without phytotoxicity (Ma et al., 2013). 
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To date, no study has focused on the soil chemistry of tropical Ni hyperaccumulators in natural 
populations in comparison with soils from non-hyperaccumulator plants. The two primary (linked) 
research questions our study sought to address was: whether soils on which Ni hyperaccumulators 
occur naturally have distinctive chemical characteristics and, if so, could such characteristics 
potentially be used to predict the occurrence of Ni hyperaccumulators in the region? We also 
investigated the use of Diffusive Gradient in Thin Films (DGT) as a tool to assess Ni labile pools 
and resupply from mineral phases in the same gradient. These we achieved by employing a range of 
soil analysis techniques on samples from sites where hyperaccumulators were either present or 
absent in Kinabalu Park (Borneo, Malaysia) 
2. Methods 
2.1 Study area and sample collection 
 
Between February 2010 and March 2013 the ultramafic flora of Kinabalu Park (Sabah, Malaysia) 
was intensively surveyed for the occurrence of Ni hyperaccumulators. A total of 12 different 
ultramafic outcrops in an area of 700 km2 were visited and thousands of plant specimens were 
screened with dimethylglyoxime (‘DMG’) paper for significant foliar Ni accumulation. Empirical 
evidence shows that a colour reaction appears when foliar Ni is >500–700 µg/g, which is well 
below the threshold defined for Ni hyperaccumulation at 1000 µg/g (Van der Ent et al., 2012). To 
avoid sample bias, all observed plant species in a large number (n = 93) of 10 x 25 m plots were 
tested in this manner, spanning an altitude range from 400 m to 2950 m asl. Leaf samples were 
collected from all ‘positive’ colour reactions in the field, and subsequently analysed with ICP-AES 
following sample digestion. The recorded Ni hyperaccumulator species and the results of foliar 
analyses are described elsewhere (Van der Ent et al., unpublished data). As part of this fieldwork, 
soil samples were also collected near the roots of a total of 17 different Ni hyperaccumulator 
species, in 12 different localities in or near Kinabalu Park. As all Ni hyperaccumulators were trees 
or (large) woody shrubs, the soil samples were collected approximately 1 m from the stem in the 
mineral soil (5–20 cm depth). As such, the soil samples comprise ‘rooting zone soil’ and not 
‘rhizosphere soil’. In order to be able to subsequently compare these ‘hyperaccumulator-soils’, 
further samples were also collected from the 93 plots (n = 3 per plot) in the same area and from the 
vicinity of these plots if no Ni hyperaccumulators were locally found. All samples were categorised 
as soils with no hyperaccumulators (‘NON-HYP’), or to originate from soils with 
hyperaccumulators present (‘HYP’). 
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The soil samples were air-dried at room temperature to constant weight (2–3 weeks), sieved to <2 
mm, shipped to Australia, and gamma irradiated at Steritech Pty. Ltd. in Brisbane following 
Australian Quarantine Regulations. All soil samples were analysed at the University of Queensland. 
2.2 Digestion and extraction based soil analysis 
 
The soil samples (0.3 gram) were digested using freshly prepared ‘reverse’ Aqua Regia (9 mL 70 % 
nitric acid and 3 mL 37 % hydrochloric acid per sample) in a digestion microwave (Milestone Ethos 
One) for a program of 1.5 hours, and diluted to 45 mL before analysis to obtain pseudo-total metal 
concentrations (hereafter referred to ‘total’ metal concentrations). Additionally, soil pH and 
electrical conductivity (EC) was obtained in a 1 : 2.5 soil: water mixture following Rayment and 
Higginson (1992). Exchangeable cations (Al, Ca, Mg, K, Na) were extracted with silver-thiorea 
(Dohrmann, 2006) over 16 hours. Exchangeable trace elements (Ni, Co, Cr and Mn) were extracted 
in 0.1 M Sr(NO3)2 at a soil : solution ratio of 1:4 (10 gram : 40 mL) and 2 hours shaking time 
(adapted from Kukier and Chaney, 2001). As a means of estimating potentially plant-available trace 
elements, the DTPA-extractant was used according to Becquer et al. (1995), which was adapted 
from the original method by Lindsay and Norvell (1978), by the following modifications: excluding 
TEA, adjusted at pH 5.3, 5 gram : 25 mL extractant, and extraction time of one hour. Another 
method for estimating potentially plant-available trace elements used a mixture of carboxylic acids 
(acetic, malic and citrate acid in molar ratio of 1:2:2 at 0.01 M) at a soil : solution ratio of 1:4 (10 
gram : 40 mL) and two hours shaking time (loosely based on Feng et al., 2005). Ni partitioning over 
soil phases was evaluated with a five-step selective sequential extraction scheme. This scheme is 
based on Quentin et al. (2002), which was in turn was modified mainly from Leleyter and Probst 
(1999). Adaptations were made here by combining step 1 and step 2, and by using HNO3/HF high-
pressure microwave digests for the residual fraction (step 5) instead of an alkaline fusion as in 
Quentin et al. (2002). The fractions were: water soluble and exchangeable (1), bound to Mn oxides 
(2), bound to amorphous Fe oxides (3), bound to crystalline Fe oxides (4), and; residual (5). After 
each extraction step, the tubes were centrifuged for 10 minutes at 4000 rpm and the supernatants 
were then filtered through 0.45 µm membranes. The residues were washed with 20 mL of TDI 
water, centrifuged again for 10 minutes at 4000 rpm, the water decanted, and the residue dried at 
40°C prior to the next extraction step. 
 
All soil samples were analysed with ICP-AES (Varian Vista Pro II) for Ni, Co, Cu, Zn, Mn, Fe, 
Mg, Ca, Na, K, S and P. The ICP-AES instrument was calibrated using a six-point multi-element 
standard (Ca, Mg, K, Na, S, P, Ni, Mn, Cu, Co, Cr, Fe) prepared in each extraction solution. 
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2.3 Hyperaccumulator soil gradient and DGT experiment 
 
Four soil samples were collected in a 1 m gradient from an isolated individual of Phyllanthus cf. 
securinegoides at 5, 10, 50 and 100 cm from the main stem. Each sample was approximately 1 kg 
and collected from 10–20 cm depth, and kept field-moist until analysis. Sub-samples were air-dried 
and analysed for the same package of analytical methods as all other samples (see section 2.2). In 
addition, DGT devices (Diffusive Gradient in Thin Films Technique) were deployed in the field-
moist soils (after adding ultra-pure water to bring the samples to 100% of water holding capacity, 
and equilibration for 48 h before deployment). The DGT devices (DGT Research Ltd, Lancaster, 
UK) consisted of a 0.91 mm diffusive layer with filter and a chelex-100 binding layer. The 
appropriate deployment time was calculated on the basis of 0.1 M Sr(NO3)2 extractable Ni and was 
four hours. After deployment, the binding gel was removed and eluted in 1 mL of 5 M HNO3. After 
48 hours elution, 0.8 mL of the eluent was sampled, and brought to volume (5 mL) before analysis 
by ICP-MS. Pore water was also collected by centrifugation (4000 rpm at 10 minutes) of the wet 
soil matrix and filtering through 0.45 µM syringe-filters. Finally, sub-samples were dried at 105°C 
for 48 hours to allow for moisture correction. 
2.4 Mineralogical analysis (XRD) 
 
The mineral identification of selected hyperaccumulator and non-hyperaccumulator soils (and three 
bedrock samples collected underneath hyperaccumulator plants) were made with finely ground (< 
100 µm) powder on a Bruker D8 Advance X-Ray diffractometer with a copper target, diffracted-
beam monochromator, and scintillation counter detector. The settings in the instrument were: 40 kv, 
30 mA, 3-80º 2 θ, 0.05º step size or increment, with 10 seconds per step.  
2.5 Statistical analysis 
 
The soil and rock chemistry data was analysed using the software package STATISTICA Version 
9.0 (StatSoft), Excel for Mac version 2011 (Microsoft) and PRIMER Version 6 (PRIMER-E). The 
DGT data was analysed with the 2D DIFS package (Sochaczewski et al. 2007), which is a dynamic 
numerical model developed for use in conjunction with DGT in soils, to estimate the proportion of 
nickel in the solid phase. This includes the distribution ratio or partition coefficient (Kd) with 
equilibration response times (TC) and (Rdiff). Rdiff was then used to calculate the effective 
concentration (CE), which represents the Ni concentration that is available from the solution-phase 
and solid-phase (Harper et al, 1998). DGT-induced fluxes (µg/h/m2); effective concentrations (CE) 
and resupply rate (R) were measured by DGT/2D DFIS technique. The XRD data was analysed 
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with DIFFRACplus Evaluation Search/Match Version 8.0 for mineral species identification using 
the International Centre for Diffraction Data’s PDF-4/Minerals database.  
3. Results 
3.1 Soil chemistry of ‘hyper-accumulator soils’ vs. ‘non-hyperaccumulator soils’ 
 
Table 4.1 shows the chemistry of hyperaccumulator and non-hyperaccumulator soils. The mean 
soil pH in non-hyperaccumulator soils is medium acidic at pH 5.7, whereas the mean pH of the 
hyperaccumulator soils is significantly (p <0.001) higher at pH 6.7. The electrical conductivity (EC) 
of the hyperaccumulator soils is also higher, indicating greater amounts of ions in the soil solution. 
Exchangeable Ca, Mg and K are all significantly (p <0.001) higher in the hyperaccumulator soils, 
particularly exchangeable Mg which was almost five-fold higher than in non-hyperaccumulator 
soils. In addition to one-way ANOVA tests between individual soil variables (Table 4.1) in 
hyperaccumulator and non-hyperaccumulator soils, the data was tested for significant differences in 
multivariate space (using all soil variables) between hyperaccumulator and non-hyperaccumulator 
soils (ANOSIM) and the sample statistic was R = 0.46 at p <0.001. This confirms that 
hyperaccumulator and non-hyperaccumulator soils are significantly different. 
 
Total Fe and Cr concentrations are very similar in both the hyperaccumulator and non-
hyperaccumulator soils. Total Ni is nearly 2-fold as high in the hyperaccumulator soils, whereas 
phytoavailable Ni (DTPA, carboxylic acid, and Mehlich-3 extractable) are also significantly higher 
in the hyperaccumulator soils. The ratio total Ni : extractable Ni in DTPA, Mehlich-3 and 
carboxylic extracts (in hyperaccumulator soils) are similar (18–23) suggesting that these methods 
extract Ni from similar (labile) phases. Although the amount of Ni extracted from non-
hyperaccumulator soils are lower, the total Ni : extractable Ni ratios are only slightly higher (26–
29). Figure 4.1 shows the carboxylic acid extractable Ni versus soil pH, which is positively 
correlated (r = 0.53). The hyperaccumulators are colour-coded, and it is apparent from this figure 
that the hyperaccumulator soils occupy the section with the highest pH and highest extractable Ni. 
Figure 4.2 shows that soil total Ni and soil carboxylic extractable Ni are correlated (r = 0.42) and 
that the hyperaccumulator soils occupy the highest fraction. 
 
Correlation coefficients between soil parameters show significant (p = <0.01) negative correlation 
between pH and exchangeable Al, and extractable Cr, Fe and exchangeable Ni, and positive 
correlation between pH and Mg (total and exchangeable). Total Ni is positively correlated with 
exchangeable Ni, whereas carboxylic acid extractable Ni is strongly correlated with extractable Mn. 
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Carboxylic acid extractable Co gives the same response as Ni with extractable and total Mn. This 
indicates that both Ni and Co are removed from the same Mn phases on this extraction, and hence 
suggest that Ni and Co availability might be controlled by Mn-oxides in these soils. These results 
are in contrast to Echevarria et al. (2006) who reported an inverse negative correlation (r = 0.67) 
between DTPA-extractable Ni and soil pH in a range of soils. Although soil organic matter is 
known as an important Ni soil phase by the formation of organic-Ni-complexes (Nachtegaal and 
Sparks, 2003; Li et al., 2003; McNear et al., 2007), the soil mineral layers studied here were 
extremely poor in organic matter. 
 
The very low exchangeable Ni in the Sr(NO3)2 extract in hyperaccumulator soils (9.8 µg/g), and the 
similar concentration in non-hyperaccumulator soils (7.9 µg/g), indicate that Ni is sorbed to phases 
accessible to DTPA and carboxylic acid extracts (117 and 130 µg/g, respectively) which are 
qualitatively and quantitatively different between hyperaccumulator and non-hyperaccumulator 
soils (see Table 4.1), most likely as a result of different soil mineralogy (see section 3.2). Figure 
4.3 is a bivariate plot of soil carboxylic extractable Ni versus soil exchangeable Al which shows 
that hyperaccumulator soils are associated with relatively exchangeable Al (r = 0.45). 
 
The chemistry of Co is very different from Ni, and although the hyperaccumulator soils contain 
significantly more total Co than non-hyperaccumulator soils (374 and 246 µg/g, respectively), the 
exchangeable Co (Sr(NO3)2 extract) is lower in the hyperaccumulator soils (0.5 and 1.9 µg/g, 
respectively) and DTPA and carboxylic acid extractable Co are not significantly different between 
hyperaccumulator and non-hyperaccumulator soils.  
3.2 Sequential extraction and soil mineralogy 
 
Minerals detected in the bedrock include antigorite, lizardite, chrysotile (serpentine minerals) and 
olive/pyroxene solid-solution series (forsterite, augite). Nickel and Co bearing phases were also 
identified (Ni silicate hydrate e.g. 'garnierite' and Co-Mg silicate). The soils (Table 4.2) are rich in 
serpentine minerals, such as antigorite and lizardite. Furthermore, they contain primary (diopside, 
fayalite, pargasite, enstatite) and secondary/weathering products (chrysotile, glagolevite). Complex 
Al-Mg silicates of the chlorite group (clinochlore, chamosite), and Fe-oxides (goethite and 
hematite) are also common. 
 
The Ni and Co fractionation over mineral phases (Figure 4.4) shows that exchangeable (EX) Ni 
and Co are both low, and that Mn-oxides (Mn-OX) are also a small fraction (although higher for 
Co). The most important fraction for both Ni and Co are amorphous Fe-oxides (AM-Fe) that host 
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up to 30% of total concentrations present in the soil. Crystalline Fe-oxides (CR-Fe) contain an 
additional <10% Ni, but very little Co. The residual fraction accounts for 60–70% of the total Ni 
and Co. The large amounts of Ni-scavenging Fe-oxides clearly contribute to lower Ni 
phytoavailability. There is no specific extraction method for Ni from LDH phases, and it not 
evident from which phases in the sequential extraction Ni is released from the LDH phases. It is 
therefore possible that some extraction stages inadvertently extract Ni from LDH phases and this 
makes interpretation of the results difficult. 
3.2 Soil samples in a gradient from a hyperaccumulator plant 
 
Soil samples collected in the rhizosphere of the Ni hyperaccumulator Phyllanthus cf. 
securinegoides (2 m tall individual separated from other hyperaccumulators) in increments of 5, 10, 
50 and 100 cm from the main stem, shows no major change in the soil pH. There are however lower 
concentrations of extractable Co (and a decrease in total Co), lower total and extractable K, an 
increase in total and extractable Fe and Mn, and a decrease in total Ni further from the stem (Table 
4.3). There is also a decrease of total Al (but not in extractable Al), and a decrease in total and 
extractable Ca further from the stem. A preliminary experiment with DGT's (Diffusive Gradient in 
Thin Films Technique) was carried out to assess Ni labile pools and resupply from mineral phases 
in the same gradient. The results (Table 4.4) show that these soils have very labile Ni ('R' value), 
and that Ni is more labile closer to the plant (suggesting a Ni-flux towards the plant roots). These 
results are very similar to those obtained by Baker et al. (1992) for Phyllanthus balgooyi, a related 
species that also occurs in Sabah. Their results showed increased exchangeable K, Ca and Mg, and 
increased extractable Ni closer to the plant, but also a (very moderate) increase in pH. In either 
case, increased mineral weathering in the rhizosphere as a result of root exudates, as demonstrated 
with another Ni hyperaccumulator (Wenzel et al. 2003), is not (clearly) evident here.  
4. Discussion 
 
Ni-DTPA has been shown to be correlated with medium-term isotopically-exchangeable Ni ('E-
value'), from which hyperaccumulators (and non-accumulators) obtain Ni (Echevarria et al., 2006; 
Chardot et al., 2007). The low concentrations of exchangeable Ni (0.4% of mean total soil Ni) is not 
remarkable, because the water soluble and immediately exchangeable soil Ni is the product of Ni 
released from mineral weathering, rapid adsorption of Ni on soil minerals, downward leaching in 
the soil profile away from plant roots and, in the rhizosphere of hyperaccumulators, also a strong 
uptake gradient of Ni in roots. The carboxylic acid extractant, which consists of acetic, citric, and 
malic acid, could act as a proxy for Ni complexes ultramafic soils (McNear et al., 2007). Soil Ni 
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sorption to smectite clay (montmorillonite) in the presence of low concentrations of citrate is 
reduced by 50-90% (Poulsen and Hansen, 2000; Marcussen et al., 2009) with the minimum sorption 
at pH 6.6. Further, Ni retention and the formation of Ni-LDH phases are reduced under the 
influence of citrate because of the formation of Al-citrate complexes thus limiting co-precipitation 
of Al with Ni hydroxide to form LDH-phases (Yamaguchi et al., 2002). Given that citrate is the 
predominant Ni-binding ligand in tropical Ni hyperaccumulators (Callahan et al., 2006; 2008; 
2012), the release of citrate by hyperaccumulator roots could be highly effective in mobilizing of 
Ni. The relatively high concentrations of Ca and Mg in the hyperaccumulator soils are indicative of 
active mineral weathering.  Dissolution of serpentinite minerals releases OH− ions and hence results 
in an increase in the soil pH, according to the following (very simplified reactions): 
 
Mg2SiO4 + 16 H2O <-> 2 Mg(H2O)62 + H4SiO4 + 4 OH- 
 
Mg2SiO4 + 4 H+ <-> 2 Mg(H2O)62+ + H4SiO4 
 
2 Mg2SiO4 + 3 H2O → Mg3Si2O5(OH)4 + Mg(OH)2 
 
Weathering and dissolution of serpentinite minerals thus results in a massive release of Mg (and Ni 
included in the mineral matrix), followed by the formation of secondary silicates such as Ni and Al 
layered double hydroxide (Ni-Al LDH) and Ni phyllosilicates (Scheckel and Sparks, 2001; Basta et 
al., 2005). As indicated earlier, the amount of exchangeable Al is rate-limiting in the formation of 
Ni-LDH phases. The results here appear to support this because of a negative correlation in 
exchangeable Al and extractable Ni potentially pointing to the formation of relatively insoluble 
LDH phase complexes when exchangeable Al is high. A complicating factor, however, is that 
higher exchangeable Al in soils is caused by stronger acidity (pH <5.2), so the occurrence of 
hyperaccumulators on more alkaline soils forces the exchangeable Al to be lower. The release of 
OH- combined with high Mg results in an increase in the soil pH and buffering. The relationship 
between high Ni and high Ca in the studied hyperaccumulators is interesting as it has previously 
been reported from experimental work that low Ca increases Ni phytotoxicity, and high Ca (and 
Mg) ameliorate Ni-toxicity (Gabrielli and Pandolfini, 1984; Robertson, 1985; Heikal et al., 1989; 
Chaney et al., 2008), through the reduction of ion activity (Becquer et al., 2010) and by competition 
for Ni adsorption on soil sorption sites. This could explain the high phytoavailability of Ni, and 
hence potential uptake, in these soils. Hydroponic experiments demonstrated that increasing Ni in 
the nutrient solution decreased Ca uptake in the hyperaccumulator (Robinson et al., 2003), 
indicating that Ca competes with Ni in uptake transporters in the root. This is further exemplified by 
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a highly significant positive correlation (r = 0.92) between foliar Ca and Ni in Phyllanthus cf. 
securinegoides (Van der Ent, unpublished).  
 
It is clear that hyperaccumulators deplete exchangeable (labile) pools of Ni in the soil, which affects 
the chemical equilibrium of Ni over labile and non-labile compartments in the soil (Wenzel et al., 
2003; Centofanti et al., 2012). Experiments have shown that Ni hyperaccumulators extract more Ni 
from Ni-bearing chrysotile (low labile) compared to Ni-bearing smectite (high labile) (Montarges-
Pelletier et al., 2008). This finds support in other experimental work that showed that Ni uptake in a 
hyperaccumulator is correlated with mineral Ni solubility and the transpiration rate of the plant, 
with the most soluble minerals resulting in the highest plant Ni uptake, but Ni3(PO4)2, Ni-
phyllosilicate, and Ni-acid-birnessite excepted, which have low solubility but still comparatively 
high uptake and transpiration rates in the hyperaccumulator plant (Centofanti et al., 2012). In 
addition, further experimental work showed that foliar Ni accumulation in a hyperaccumulator, 
often but not in all soils, increased as soil pH increased (Li et al., 2003; Kukier et al., 2004, Everhart 
et al., 2006). This trend is contrary to the response of non-accumulator plants (L’Huillier and 
Edighoffer, 1996; Kukier and Chaney, 2004) and opposite to general metal-availability responses to 
pH. This might be explained by increased Ni binding to organic ligands, despite also resulting in 
lower Ni activity and availability in the soil (Kukier et al., 2004). The fact that Ni phytoavailability 
(labile pool) for the hyperaccumulator soils in this study was higher than for the non-
hyperaccumulators, while concomitantly also having a higher pH, does not mean that Ni-
availability as such increases with increasing pH, but rather indicates different Ni-speciation in 
these soils. Experiments in which ultramafic soils were made either more acidic or more alkaline 
demonstrated unequivocally that the extractable and exchangeable fraction of soil Ni decreased 
with increasing pH (Crooke, 1956; Bisessar, 1989; Robinson et al., 1999; Kukier and Chaney, 2001; 
Kukier et al., 2004; Everhart et al., 2006). This is also indicated by the negative correlation between 
pH and foliar Ni (data not shown), and from the Sr(NO3)2 extractable Ni which is low. Observations 
in natural hyperaccumulator populations are somewhat obscured because soil pH differs as a result 
of the intensity of soil leaching, and therefore the subsequently lower concentrations of 
exchangeable cations (including Ni). Therefore, highly leached soils are more acidic, but generally 
also have less Ni (and Ni phytoavailability in these soils is likely less through being adsorbed to 
neogene Fe-Mn-oxides). 
 
The behaviour of Ni hyperaccumulators might be explained in the context of the ‘Excluder’, 
‘Bioindicator’ and ‘Hyperaccumulator’ responses to soil metal concentrations (Baker, 1981; Van 
der Ent et al., 2012). The Excluder remains with low shoot concentrations over a wide range of soil 
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metal concentrations, the Bioindicator has a linear response in shoot concentrations in relation to 
soil metal concentrations, whereas Hyperaccumulators preferentially uptake metals from a wide 
range of soil concentrations. Below phytotoxicity thresholds the rates of Ni uptake and translocation 
in a Ni hyperaccumulator and non-accumulator were shown to be similar, indicating that Ni 
exclusion or tolerance defines hyperaccumulation (Krämer et al., 1997). It appears from Figure 4.1 
that the response of Ni hyperaccumulators is that of a ‘threshold’ with minimum concentrations of 
carboxylic extractable Ni around 20 µg/g (or 630 µg/g total Ni) and a minimum pH of 
approximately pH 6.3. Above this threshold the foliar concentrations in Ni hyperaccumulators seem 
to follow the flat ‘saturation’ end of the typical response curve (as increasing foliar Ni is not 
positively correlated with soil Ni). This might be the result of a steady state of highly effective Ni 
uptake mechanisms on one hand (e.g. uptake, translocation as governed by transpiration rate) and 
continuous supply of rhizosphere Ni through release from Ni bearing phases (which appears 
intrinsically high in the hyperaccumulator soils). Essentially, this suggests a passive mode of Ni 
accumulation via the transpiration flow that can occur when sufficient phytoavailable Ni is present 
in the soil.  
 
The biogeochemical mechanisms that tropical hyperaccumulator plants employ for achieving 
exceptional levels of Ni accumulation are still largely unravelled. Two general (not mutually 
exclusive) hypotheses might be put forward to explain the extraordinary levels of accumulation of 
Ni in hyperaccumulator plants: 
 
(i) Hyperaccumulators excrete root exudates, either 'normal ligands’ such as carboxylic acids in 
higher concentrations than in other plants, or excrete 'special ligands' 
 
(ii) Hyperaccumulators have extremely high uptake efficiency, with a very large total surface area 
of root hairs, and hence severely deplete the soluble Ni pool with resupply from diffusion from 
other soil Ni pools 
 
With regards to hypothesis (i), Chardot-Jacques et al. (2013) showed experimentally that a 
hyperaccumulator increased the rate of dissolution of a Ni-bearing serpentinite mineral (with low 
labile Ni) by more than two-fold, and this hyperaccumulator accumulated up to 88% of the total 
amount of Ni released from the mineral phase. Other experimental work demonstrated that 
rhizosphere bacteria could increase Ni uptake in a hyperaccumulator by up to 32% (Abou-Shanab et 
al., 2003). Furthermore, a field study by Wenzel et al. (2003) showed significantly higher soluble 
Ni in the rhizosphere soil of a hyperaccumulator compared to non-hyperaccumulator soils, which 
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was attributed to higher concentrations of root exudates in the rhizosphere of the hyperaccumulator 
(causing organic ligand-promoted dissolution of Ni from mineral phases and displacement of Ni 
from the exchange complex). Wenzel et al. (2003), found a highly significant correlation between 
Ni and dissolved organic carbon (DOC) in the hyperaccumulator rhizosphere soil solution was 
found, but subsequent rhizobox experiments (Puschenreiter et al., 2005), although confirming 
increased soluble Ni, found only a weak correlation between Ni and DOC. Enhanced mineral 
dissolution in the rhizosphere of the hyperaccumulator was indicated in these studies by 
concomitantly higher concentrations of soluble Ca, Mg and K, correlation of these elements with 
Ni, and a higher soil pH. These findings closely match those of the present study, but crucially, the 
study by Wenzel et al. (2003) compared hyperaccumulator and non-hyperaccumulator rhizosphere 
soils in the same habitat (spatially separated by <1 m2), whereas in the current study 
hyperaccumulator and non-hyperaccumulator soils were compared that were collected from an area 
>700 km2. Moreover, in contrast to Wenzel et al. (2003), the soils in the present study are not 
‘rhizosphere soil’ and the tropical Ni hyperaccumulators studied here are all large trees, and not 
small ground-herbs. Although it is clear from the previously mentioned studies that Ni 
hyperaccumulators can increase serpentinite mineral dissolution in the direct rhizosphere, the 
present study shows that hyperaccumulators preferentially grow in soils that have highly active 
mineral weathering, characterized by the same processes but on a much larger scale. Evidently, 
active mineral weathering of the bulk soil releases far more Ni than exudate-induced mineral 
weathering on the root-interface. Hence root exudates might not be important for increasing soluble 
Ni in soils with intrinsically high labile Ni due to active mineral weathering. Rather, root exudates 
might increase soluble Ni by mineral weathering in soils with moderate or low phytoavailable Ni. 
Any acidification by the exudation of citrate or other carboxylic acids will also be masked by 
continuous supply of OH- in the soil through mineral weathering. Nevertheless, the 
hyperaccumulators studied here are distributed on soils with high phytoavailable Ni, forming 
hotspot clusters on soils with particularly high labile Ni.  
 
With regards to hypothesis (ii), experimental work has shown that non-accumulators and 
hyperaccumulators access the same soil labile Ni pool regardless of the amount of Ni uptake in the 
plants (Massoura et al., 2004). This argues against any significant rhizosphere effect of exudates. 
Direct evidence for a role of root exudates or root-induced acidification in relation to 
hyperaccumulation has not been found in experimental work (Bernal et al., 1994a and b; McGrath 
et al., 1997; Salt et al. 2000; Zhao et al. 2001; Li et al., 2003). Rather, the roots of 
hyperaccumulators can be considered highly effective 'Ni diffusion sinks'. Ni diffusion depends 
largely on the speciation of Ni-bearing minerals in the soils, and the actual diffusion rate can be 
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directly measured with Diffusive Gradients in Thin-films (DGT). The diffusion process of Ni from 
other Ni pools (under the same 'depletion gradient') is mainly controlled by (1) quality of the Ni 
pools e.g. chemical forms of Ni and mineral phases; (2) quantity/size of these pools; (3) chemical 
weathering processes stimulating release of Ni over the diffusion gradient; and (4) speed of re-
supply as a result of (1/2/3).  
5. Conclusions 
 
The main aim of this study was to determine whether the soil chemistry of Ni hyperaccumulators in 
their natural habitat has certain characteristics that could be used to predict their occurrence. The 
results show that Ni hyperaccumulators are absent from acidic soils (<pH 6.3) and consistently 
occur on soils with relatively high phytoavailable concentrations of Ca, Mg and Ni. The types of 
soils on which Ni hyperaccumulators occur are all derived from strongly serpentinised bedrock on 
shallow young soils with pH >6.3. In such moderately weathered (serpentinitic) soils the most 
important phases for Ni are likely LDH and smectite minerals in which Ni is sorbed, because Ni-Al 
layered double hydroxide (LDH) can form at pH > 6.25-6.5 (Elzinga and Sparks, 2001; Shi et al., 
2012). However, the sequential extraction method used in this study could not differentiate between 
such phases. Rather, it showed large amounts of neogene amorphous and crystalline Fe-oxides that 
act as ‘Ni-sinks’. The exchangeability on such complexes is the likely cause of high Ni 
phytoavailability in these soils. It is unknown whether the indirect mechanisms of re-supply of Ni 
by diffusion from non-labile pools over time with a continuous depletion of soluble Ni by uptake 
are enough to explain hyperaccumulation. This research shows that the specific Ni and cation 
chemistry of ultramafic soils is important for the distribution and occurrence of Ni 
hyperaccumulators. This does not, however, clarify whether hyperaccumulators depend on highly 
labile Ni pools associated with these soils, or on easily weathered non-labile pools. Certain 
anatomical features have been discovered in nickel hyperaccumulators, which result in 
exceptionally low reflection coefficients for Ni on the root interface (Mesjasz-Przybyłowicz et al. 
2009; Coinchelin et al., 2012). The highly labile Ni concentrations in the soil, low reflection 
coefficients for Ni on the root interface, and the xeric conditions on which most hyperaccumulators 
grow (Van der Ent et al., 2013) advocates for the convection model for Ni hyperaccumulation, 
which proposes plant Ni uptake driven by convection, depending on the Ni in soil solution and the 
plant transpiration rate (Centofanti et al., 2012).  
 
The correlation of high total Ni with the occurrence of populations of hyperaccumulators effectively 
renders hyperaccumulators as ‘indicators’ of potential shallow Ni ore reserves in these 
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lithosequences. The results also show that Ni hyperaccumulators in the study area do not occur at an 
altitude >1200 m asl, and the soils on which they were found often had abundance both in 
individuals and multiple (Ni hyperaccumulator) species. Such local abundance suggests that natural 
populations of hyperaccumulators indicate soils that have the capacity to rapidly re-supply Ni from 
less labile pools, by depletion of soil Ni in hyperaccumulator biomass, and hence potentially point 
to soils with large amounts of 'phytominable Ni'. Understanding of the uptake processes of Ni at the 
soil-root interface is, however, critical for successfully developing Ni phytomining because it is 
fundamental to optimizing ‘metal yield’. The speed and amount of addition of phytoavailable Ni 
from the non-phytoavailable pools due to depletion of soil Ni in phytomining is an important factor 
to consider in feasibility studies (Van der Ent et al., 2013). Furthermore, the specificity to particular 
soil chemistry also has consequences for predicting the occurrence of Ni hyperaccumulators that 
may occur in a mine lease, and for selecting soils potentially suitable for future phytomining 
operations. As such, deep Fe-oxide rich limonite soils are unlikely to be suitable for phytomining, 
but younger serpentinitic and ‘saprolite’ type soils could be promising. Experimental work is 
needed in which tropical Ni hyperaccumulator species are grown in standardized, homogenous soils 
amended with natural or synthetic (ultramafic) Ni-bearing minerals. This approach could shed light 
on rhizosphere processes, and methods such as the isotopic exchange kinetics (IEK) method 
(Chardot et al., 2005; Echevarria et al., 1998, 2006) and the use of different Ni stable isotopes can 
be used to follow the Ni pathway in the rhizosphere to the point of uptake in the plant. 
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Figure 4.1. Bivariate plot of soil pH versus soil carboxylic extractable Ni (log10 µg/g) in 
hyperaccumulator and non-hyperaccumulator soils.  
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Figure 4.2. Bivariate plot of soil total Ni (log10) versus soil carboxylic extractable Ni (log10 µg/g) in 
hyperaccumulator and non-hyperaccumulator soils.  
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Figure 4.3. Bivariate plot of soil carboxylic extractable Ni (log10 µg/g) versus soil exchangeable Al 
(log10 µg/g) in hyperaccumulator and non-hyperaccumulator soils.  
  120 
Figure 4.4. Fractions of Ni (top) and Co (bottom) bearing phases using a selective extraction 
scheme. The phases are: (1) water soluble and exchangeable (EX); (2) bound to Mn oxides (Mn-
OX); (3) bound to amorphous Fe oxides (AM-Fe); (4) bound to crystalline Fe oxides (CR-Fe); and 
(5) residual (RES).  
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Table 4.1. Mean total elemental concentrations in hyperaccumulator (n = 63) and non-
hyperaccumulator (n = 273) soils as totals) in µg/g. Total concentrations are the results of 
microwave-assisted digestion with HNO3 and HCl, 'ML-3' is Mehlich-3 extractable, 'DTPA' is 
DTPA-extractable, ‘Sr(NO3)2’ is extractable with dilute strontium nitrate solution and 'exch.' is 
exchangeable with silver-thiorea. P-values are derived from a One-Way ANOVA with the two 
groups (HYP versus NON-HYP).  
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Table 4.2. Rhizosphere soil concentrations between the roots of Phyllanthus cf. securinegoides with 
the incremental distance from main stem indicated in cm (µg/g). Total concentrations are the results 
of microwave-assisted digestion with HNO3 and HCl, ‘carbox.’ is carboxylic acid extractable 
metals, 'DTPA' is DTPA-extractable metals, ‘Sr(NO3)2’ is extractable with dilute strontium nitrate 
solution. 
  
Mineral Mischocarpus sundaicus 
(Serinsim)
Phyllanthus balgooyi 
(Bukit Hampuan)
Phyllanthus cf. securinegoides 
(Nalumad)
Rinorea bengalensis 
(Nalumad)
Actinolite - - + -
Antigorite + - + +
Chamosite - - + -
Chrysotile + - - -
Clinochlore - - + +
Diopside - - - +
Enstatite - + - +
Fayalite + - - -
Forsterite + - - -
Gismondine - + - +
Glagolevite - - - +
Goethite + - - -
Hematite + - - -
Lizardite - - - +
Na - Al silicate + + - -
Pargasite - - - +
Quartz - + - -
Tremolite - - + -
Element (µg/g) Mischocarpus sundaicus 
(Serinsim)
Phyllanthus balgooyi 
(Bukit Hampuan)
Phyllanthus cf. securinegoides 
(Nalumad)
Rinorea bengalensis 
(Nalumad)
Al* 6.2 35.4 19.7 20.3
Ca 540 702 1533 4693
Co 362 561 262 408
Cr 1983 6518 2491 5415
Cu 19 63 69 54
Fe* 148 151 130 91
K 144 39 25 142
Mg* 48.1 13.7 47.3 31.2
Mn* 4.4 7.3 3.6 5.5
Mo 4.5 4.8 4.9 4.2
Na 215 255 268 288
Ni 3401 1623 2863 2526
P 536 121 47 205
S 633 276 98 299
Zn 99 93 66 70
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Table 4.3. DGT‐induced Ni fluxes; solid phase buffering ratio (Rdiff) and effective concentrations 
(CE) of Ni in soils measured by DGT and simulated by 2D DFIS model, in a gradient from the root 
zone of Phyllanthus cf. securinegoides. 
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Table 4.4. Mineral phases as determined by XRD-analysis in selected hyperaccumulator 
rhizosphere soil samples (top table). The + signs designates identification of mineral species. 
Bottom table, total elemental concentrations in selected hyperaccumulator soil samples (µg/g) 
matching the samples from the XRD-analysis in the top table. 
 
  
Parameter Extract 5 cm 10 cm 50 cm 100 cm
pH 1:2.5 H2O 6.5 6.4 6.5 6.4
EC 1:2.5 H2O µS 121 81 115 146
Al* total 19.2 18.8 24.7 28.8
Al carbox. extract. 706 824 648 728
Al Sr(NO3)2 extract. 0.3 0.4 0.3 0.4
Ca total 944 1261 1045 3343
Ca carbox. extract. 151 83 72 191
Ca Sr(NO3)2 extract. 224 224 225 487
Co total 246 248 341 306
Co carbox. extract. 3.5 6.7 13.6 28.3
Co Sr(NO3)2 extract. 0.01 0.01 0.11 0.02
K total 25 25 22 85
K carbox. extract. 3.3 4.9 3.4 19.7
K Sr(NO3)2 extract. 4.7 6.4 4.5 29.8
Mg* total 53.6 61.6 37.0 40.9
Mg carbox. extract. 809 858 698 972
Mg Sr(NO3)2 extract. 2041 1999 1881 1874
Mn total 3417 3297 4816 4089
Mn carbox. extract. 49 77 116 249
Mn Sr(NO3)2 extract. 3.8 2.4 4.4 0.8
Ni total 3657 3658 2969 2131
Ni carbox. extract. 42.9 56.3 49.3 74.4
Ni Sr(NO3)2 extract. 9.3 7.6 8.8 2.5
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Abstract 
 
The foliar elemental profile (e.g. stoichiometric accumulation patterns of elements) of most plants 
reflects that of the soil on which plants grow in their natural habitat. In many species growing on 
ultramafic soils that are characterised by abnormally high concentrations of Ni, Co and Cr, and high 
Mg/Ca quotients, this relationship has been found to hold true. Apart from the site-specific soil 
chemistry, phylogeny can also be an important factor defining the foliar element profile, and the 
aim of this study was to elucidate such phylogenetic patterns in the ultramafic flora of Mount 
Kinabalu in Sabah, Malaysia. This area is ideal for studying plant elemental profiles because it is a 
geographically- and edaphically-limited environment that is exceptionally rich in plant species. 
Foliar elemental profiles of 594 plant species in 99 families were analysed (total number of samples 
= 1710). These included 495 species (90 families) from ultramafic soils, and 120 species (45 
families) from non-ultramafic soils (comparison data set). In general, elemental uptake ranges from 
exclusion of phytotoxic elements such as Ni and Mn, to accumulation of macronutrients such as Ca 
and P. However, a limited number of plant species are characterised by extreme accumulation of 
specific elements, including trace elements (Zn, Ni, Cr, Co, Cu, Mn), non-essential elements (Al) or 
nutrients (Ca, Mg, K, S). Where accumulation of trace elements occurs, such plant species are 
known as hyperaccumulators. This research identified hyperaccumulator behaviour (as defined by 
exceedances of threshold foliar concentrations) in many plant species for a range of elements, Al 
>1000 µg/g (38 spp.), Mn >10 mg/g (7 spp.), Cu >300 µg/g (1 sp.), Cr >300 µg/g (3 spp.), Co >300 
(3 spp.), Ni >1000 (24 spp.) and Zn >3000 (2 spp.) Distinct phylogenetic patterns emerged for Ni in 
which 18 of the identified 24 Ni hyperaccumulators were in the order Malpighiales, predominantly 
in the families Phyllanthaceae, Violaceae and Salicaceae. Examples of Ni hyperaccumulators within 
these families in other parts of the world (e.g. New Caledonia and Cuba) are potentially indicative 
of the early evolution of this fundamental characteristic in the order Malpighiales. Al accumulation 
was more widely distributed among families (13 out of 40 families tested) although the 
Symplocaceae and Rubiaceae had more species than other families showing Al hyperaccumulation. 
 
Keywords: Biogeochemical niche, excluder; hyperaccumulator; soil chemistry; trace element. 
1. Introduction 
 
Plants require at least 17 elements for completion of the life cycle (Marschner, 1995). These 
essential mineral elements can be subdivided in macronutrients (Ca, K, Mg, P, S), micronutrients 
(Fe, B, Cl, Cu, Mn, Mo, Zn) and elements that are beneficial to some plants (Na, Ni, Co, Si), and 
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the foliar abundance of these elements generally decreases as a function of atomic mass (Markert, 
1992). The necessary elements can also be subdivided in 3 groups based on function: (1) P, Cu, S 
and Fe, associated with the ‘nucleic acid–protein set’, (2) Mg, Ca, K, Zn and Mn associated with 
the ‘structural and photosynthetic set’, and (3) Mn, K and Mg associated with the ‘enzymatic set’ 
(Garten, 1978; and Wright et al., 2005 in Zhang et al. 2011). Plants also take up non-essential 
elements, such as Al, Sr, Ba, Pb and As. The supply of the essential elements to a plant ranges from 
deficiency to optimum and eventual phytotoxicity, and differs greatly between elements, being 
particularly narrow for micronutrients such as Zn, Cu and Ni (Clemens et al., 2002). When a plant 
establishes on a soil with either a too low or a too high metal supply, adjustments will take place 
within the limits of phenotypic plasticity followed by adaptation and evolution of efficiency or 
tolerance in populations over time (Pollard et al., 2002; Ernst, 2006). The sequestration of essential 
elements is governed by highly specific mechanisms that enable uptake in the rhizosphere interface 
and transport and regulation inside the plant. The necessity of different elements for 
ecophysiological functioning results in an overall proportionality (stoichiometry) between elements 
in foliar matter (Epstein, 1972). Under the same environmental and soil conditions, differences in 
element uptake between plant species is a reflection of the rate of uptake and/or selectivity of the 
element during acquisition and transport processes.  In turn this is a function of species-specific 
physiology as well as associated specific ecological interactions such as occurs through mycorrhizal 
symbioses (Broadley et al., 2004). Systematic differences in the foliar elemental profiles (e.g. the 
accumulation patterns of elements) are a reflection of evolutionary processes and hence plant 
phylogeny (Wanatabe et al., 2007), and thus also provide a potentially useful taxonomic tool based 
on these functional traits. Plant species that accumulate foliar elements to extreme levels (including 
Ni, Cr and Mn) are known as hyperaccumulators, a phenotypic characteristic that has evolved 
independently due to its occurrence in multiple orders and families (Pollard et al., 1999; Macnair, 
2003; Krämer, 2010). 
 
There have been efforts to define reference concentrations for elements in plants as a means of 
providing a ‘baseline’ for comparison (Markert, 1996), but such generalizations tend to disregard 
the importance of soil chemistry and genotypic and phenotypic patterns of element uptake and 
accumulation (Ernst, 1998). Furthermore, the large variability in element concentrations within 
plants naturally often makes the establishment of a standard reference a difficult task, as was shown 
in a study comparing tropical rainforest plants (Breulmann et al., 1998; 1999). Most studies on 
foliar elemental concentrations have focused on normal or agricultural soils and relatively few on 
soils naturally enriched in metals such as ultramafic soils. The bias resulting from the dominance of 
studies being on non-metal enriched (‘normal’) soils makes it difficult to define abnormal foliar 
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accumulation behaviour and to interpret potential phylogenetic patterns for such phenomena. 
Studying metal-rich environments, however, have now provided conditions for understanding and 
interpreting plant adaptation and evolution in the presence of metal surplus. This is particularly true 
for tropical environments which have provided conditions for plant evolution over millions of years 
without the intervening impacts of glaciation (Reeves, 2003). Of the naturally metal-enriched soils, 
ultramafic soils are by far the most widespread and extensive, mainly occurring in Cuba, New 
Caledonia, the Philippines, Indonesia and Malaysia. Ultramafic soils have high concentrations of 
Mg, Fe, Ni, Mn, Cr and Co, but are low in Ca, K and P (Proctor et al., 2000; Proctor, 2003). 
Analyses of plant tissues from Mount Silam (ultramafic mountain on the east coast of Sabah, 
Malaysia) (Proctor et al. 1988), Mount Bloomfield (ultramafic mountain on the island of Palawan, 
Philippines) (Proctor et al., 2000) and Mount Giting-Giting (ultramafic mountain on Sibuyan Island, 
Philippines) (Proctor et al., 1998) indicate that the elemental profile of plants on ultramafic soils is a 
reflection of the unusual soil chemistry, but important differences exist between the elements 
available and accumulated and the particular plant families and species in which the accumulation 
occurs. However, phylogenetic information on such patterns is scant and plants from ultramafic 
soils seem to behave differently from plants on ‘normal’ soils. In a recent review, 
hyperaccumulation criteria for trace elements have been defined at 300 µg/g for Cr, Co and Cu, 
1000 µg/g for Ni, 3000 for Zn and 10 mg/g for Mn (Van der Ent et al., 2013). The threshold for Al 
accumulators was defined at 1000 µg/g (Hutchinson, 1945; Chenery, 1948) but such plants have 
also now been termed ‘Al hyperaccumulators’ (Jansen et al., 2002) to unify the terminology with 
trace element hyperaccumulators. 
 
Mount Kinabalu in Malaysia has large surface exposures of ultramafic soils and is renowned as the 
most species-rich area on Earth in terms of the number of species per unit area; there are 5,000 plant 
species in an area <1200 km2 (Beaman, 2005) with over 2800 of them occurring on ultramafic 
outcrops (Van der Ent, in prep.). The extremely high levels of plant diversity combined with the 
small surface extent makes this site an ideal location for studying plant elemental profiles of a 
geographically (Kinabalu Park) and edaphically (ultramafic soil) limited environment. The aim of 
this study was to elucidate phylogenetic patterns in the foliar elemental profiles in the ultramafic 
flora of Mount Kinabalu. 
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2. Materials and methods 
2.1 Collection of plant material 
 
As part of a study on the plant diversity of ultramafic soils on Mount Kinabalu in Sabah, Malaysia, 
composite samples of fully-expanded leaves from each of the five most dominant tree species (in 
terms of largest combined basal area) or, in multi-structural communities, the five most dominant 
species of the stratum with the highest cover, were collected from each of the 101 plots sampled in 
the primary study (Van der Ent, unpublished). Leaf samples were also collected from vegetation 
growing on the nearby Mount Trus Madi to provide a non-ultramafic comparison. For each plot the 
leaf samples from each of the five species were kept separate in paper bags to prevent 
decomposition before transport to the field station. Leaves were then thoroughly washed with 
demineralised water to remove potential dust contamination and dried at 70°C for five days in a 
drying oven, packed for transport to Australia and gamma irradiated at Steritech in Brisbane 
following Australian Quarantine Regulations. 
2.2 Identification of plant species 
 
Plant specimens from the plots were identified at the Sabah Parks Herbarium (SNP) and the 
Herbarium of the Sabah Forestry Department (SAN) and, as required, taxonomic specialists from 
the Kew (K), Leiden (L) and Singapore (SING) herbaria were consulted. As it was not possible to 
identify some plants to species level without floral parts present, collection numbers and vegetative 
morphology (e.g. ‘morpho-species’) were used as the identifier in such cases. 
2.3 Laboratory analyses: foliar concentrations 
 
All foliar samples were crushed and ground, and a 300 mg representative subsample was digested 
using 7 mL concentrated nitric acid (70%) and 1 mL hydrogen peroxide (30%) in a microwave 
oven (Milestone). The digests were diluted to 30 mL with TDI water before analysis with ICP-AES 
that included measurements of Ni, Co, Cr, Cu, Zn, Mn, Fe, Mg, Ca, Na, K, S and P. The potential 
for foliar contamination with soil particulates is a major risk for accurate analyses of foliar 
elemental composition, even with sample washing. This risk is highest for this to occur on ground-
herbs, and lesser on trees, but cannot be entirely avoided. Concomitantly high foliar concentrations 
of Fe, Cr and Mn are an indication for soil contamination as these elements are major constituents 
of ultramafic soils. Hence correlations between the indicator elements Cr and Fe in plants with plant 
Co and Cu were used to evaluate the potential occurrence of soil contamination. The foliar 
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elemental concentrations in the Reference Plant (Markert, 1996) were developed from temperature 
region plants, and therefore not likely to be comparable to tropical rainforest plants. As such, by 
means of comparison, the mean values for a large dataset (608 samples) from a (non-ultramafic) 
rainforest in Sumatra, Indonesia from Masunaga et al. (1998) are used in this study as a reference: 
Al (2.04), Ca (16.9), Fe (0.16), K (9.44), Mg (2.62), Mn (0.5), Na (0.15), P (1.0) and S (2.78). To 
provide a comparison of leaf elemental content from ultramafic soils, the mean values from Proctor 
et al. (198), plots at 610 m asl (52 species) on Mount Silam (Sabah, Malaysia) are also used: Al 
(n.d.), Ca (12.3), K (5.4), Na (2.5), Fe (0.04), Mg (3.7), Mn (0.16), P (0.47) and S (n.d.). All values 
in mg/g dry weight. 
2.4 Statistical analysis  
 
The foliar chemistry data was analysed using the software packages STATISTICA Version 9.0 
(StatSoft), Excel for Mac version 2011 (Microsoft) and PRIMER Version 6 (PRIMER-E). 
3. Results 
 
In total, 594 plant species in 99 families were analysed (total number of samples = 1710). These 
included 495 species (90 families) from ultramafic soils and 120 species (45 families) from non-
ultramafic soils (comparison data set). This large dataset allowed for detailed analysis of elemental 
profiles and phylogenetic patterns of metal accumulation. Overall, plants from ultramafic soils had 
higher concentrations of Fe, Mg, Co, Cr, and Ni, and lower concentrations of Ca, K and P. 
Hyperaccumulators of any metal were absent from non-ultramafic soils, but for Ni accounted for 24 
species in 9 families from ultramafic soils. Furthermore, 38 Al hyperaccumulators, 2 Zn 
hyperaccumulators, 7 Mn hyperaccumulators, 1 Cu hyperaccumulator, 3 Cr hyperaccumulators and 
3 Co hyperaccumulators were found. Unusual foliar accumulation, with the highest values for each 
species per element, is shown in Table 5.1. 
3.1. Edaphically limited (ultramafic) plant elemental profiles 
3.1.1 Macronutrients and major ions (Al, Ca, K, Mg, Na, P, S) 
 
[Aluminium] - Al accumulation in foliage (1000 µg/g) occurred in 38 species (17 families). The 
highest Al accumulation was found in the members of the Symplocaceae: Symplocos buxifolia with 
49 962 µg/g, S. deflexa with 38 431 µg/g, S. gambliana with 37 533 µg/g, S. adenophylla with 
29 424 µg/g; and in Urophyllum longideus (Rubiaceae) with 36 014 µg/g and Aporosa 
chalarocarpa (Phyllanthaceae) with 25 898 µg/g. As such, 28 species can be classed as 
  132 
hyperaccumulators of this light metal. Among the records for the genus Symplocos was the species 
that was the first Al hyperaccumulator to be recorded. That species, now known as Symplocos 
cochinchinensis var. philippinensis (H. Nooteboom, pers. comm.), was known as ‘Arbor aluminosa’ 
or ‘Aluyn-Boom’ and was described by Rumphius in 1743 (Janssen et al. 2002). In acid soils, Al 
toxicity is one of the most growth-limiting factors for plants, and at pH <5.0 Al is mostly present in 
the form of Al(H2O)63+ or Al3+ which are the most phytotoxic forms. At pH 5.0–6.2, Al is mainly 
present in the form of Al(OH)2+, Al(OH)2+ and Al(OH)4- which are non-toxic (Kidd and Proctor, 
2000). The high total soil Al concentrations (mean pseudo-total Al 19 029 µg/g) combined with 
acidic conditions of most montane ultramafic soils means there is high potential for Al uptake and 
toxicity. The occurrence of Al accumulators on leached tropical soils is consistent with the lower 
reported frequency of Al accumulators in drier environments or less acidic soils (Hutchinson, 
1943). Al toxicity inhibits the uptake of nutrients and affects the functioning of the plasma 
membrane (Huang et al., 1992; Ishikawa and Wagatsuma, 1998), which results in inhibition of root 
growth and elongation (Pilon-Smits et al., 2009). However, in some adapted plant species, excess 
soil Al actually enhances growth (Janssen et al. 2002) and one such example recorded in this study 
was Melastoma malabathricum (Melastomataceae) with 3670 µg/g foliar Al. This species has 
increased root and shoot growth under high Al conditions, a strategy that has been attributed to 
amelioration of Fe phytotoxicity (Watanabe et al., 2005; 2006). 
 
[Calcium] - Concentrations of Ca were generally low for ultramafic plants (mean 6364 ± 163 µg/g), 
but 58 species (34 families) had > 10 000 µg/g (1%) and 16 species (12 families) had >20 000 µg/g 
(2%). Of these, seven samples of Podocarpus brevifolius (Podocarpaceae), and three other samples 
were Ni hyperaccumulators (these were in the Phyllanthaceae). The highest Ca concentrations were 
in Symplocos buxifolia (Symplocaceae) with 53 902 µg/g, Schefflera foetida (Araliaceae) with 
51 760 µg/g and Semnostachya galeopsis (Acanthaceae) with 49 498 µg/g. Species in the 
Symplocaceae were most often those with high Ca concentrations, but this pattern also extended to 
members of the Podocarpaceae and Phyllanthaceae. The mean Mg/Ca quotient across the samples 
analysed was 0.97 (range 0.02–31.9). Several physiological mechanisms, such as those involved in 
water conservation strategies, are directly related to elements such as K or Ca. 
 
[Magnesium] - Concentrations of Mg were much lower (mean 3025 ± 68 µg/g) than Ca, with 25 
species (12 families) having >10 000 µg/g (1%). Among these were three Ni hyperaccumulators. 
The highest concentrations were in Ptyssiglottis cf. fusca (Acanthaceae) with 35 396 µg/g, 
Baccaurea lanceolata (Phyllanthaceae) with 26 654 µg/g, Kibara coriacea (Monomiaceae) with 
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22 803 µg/g and Gynura tambuyukensis sp. nov. (Asteraceae) with 20 892 µg/g. Mg accumulation 
is pronounced in the families Acanthaceae, Euphorbiaceae, Phyllanthaceae and Rubiaceae. 
 
[Phosphorus] - Although P in most plants was relatively low (mean of 413 ± 8.6 µg/g), but there 
were 10 specimens of Pityrogramma calomelanos (Hemionitidaceae) that had unusually high foliar 
concentrations. This species is a known arsenic hyperaccumulator when it occurs on As-rich mining 
soils (Francesconi et al. 2002), possibly the result of its high P uptake (and physiological inability 
of differentiating between As and P). Most Glochidion spp. (Phyllanthaceae) also had very high P 
(>1000 µg/g). 
 
[Potassium] - The majority of plants had extremely low K (mean 3854 ± 83 µg/g), but 26 species 
(18 families) had > 10 000 µg/g (1%). The Ni hyperaccumulator Trigonostemon sp. nov. 
(Euphorbiaceae) has consistently extremely high K concentrations (>1.2%).  The highest foliar K 
concentrations were in Drypetes crassires (Putranjivaceae) with 32 719 µg/g, Glochidion sp. indet. 
(Phyllanthaceae) with 29 000 µg/g, Rinorea bengalensis (Violaceae) with 27 986 µg/g and Casearia 
velutinosa (Salicaceae) with 22 945 µg/g. These species are all in the clade Malphigiales. Such 
extreme levels of foliar K accumulation are remarkable given the very low soil K concentrations. 
Potassium ions contribute an important role in plant water conservation via their function in 
regulation of the stomata in the leaves; hence, increased foliar K could be viewed as an indicator of 
increased drought tolerance. 
 
[Sodium] - Only seven species (five families) have >5000 µg/g Na, of which an unidentified 
Syzygium spp. (Myrtaceae) and an unidentified Vaccinium spp. (Ericaceae) had 13 022 and 10 047 
µg/g, respectively. Given the extremely low soil Na concentrations, a consequence of the highly 
leached tropical soils, such a level of accumulation is unexpected. 
 
[Sulphur] - S was particularly high in primitive plants of the families Equisetaceae and 
Polypodiaceae (11 700–13 231 µg/g), but also in Dichapetalum gelonioides (Dichapetalaceae). The 
specimens of this species with high S did not hyperaccumulate Ni or Zn, whereas the specimens 
that did had low S. 
3.1.2 Trace elements (Fe, Mn, Cr, Zn, Ni, Co) 
 
[Copper] - Cu is controlled over a very narrow range, with a mean of 6.6 ± 0.4 µg/g. Only 10 
species (nine families) had >50 µg/g Cu and these were also Ni hyperaccumulators. Highest 
concentrations were for Mischocarpus sundaicus (Sapindaceae) with 369 µg/g, Agrostemma cf. 
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hameliifolium (Rubiaceae) with 228 µg/g, and Gluta wallichii (Anacardiaceae) with 171 µg/g. Only 
Mischocarpus sundaicus could be listed as a hyperaccumulator of this metal, but given only one 
sample exceeded the nominal threshold of >300 µg/g (out of 8 samples analysed for this species, 
with a mean of 25 Cu µg/g excluding the single high value), it is doubtful whether this species is a 
true Cu hyperaccumulator. 
 
[Cobalt] – Co is not generally considered an essential trace element for plants, but it has been 
shown to be beneficial to the growth of legumes, probably because Co is essential for symbiotic 
Rhizobia that live in nitrogen-fixing nodules associated with the roots of legumes (Pilon-Smits et al. 
2009). All plants with Co >50 µg/g were Ni hyperaccumulators, or were facultative 
hyperaccumulators in which populations of the same species hyperaccumulate Ni, but Ni non-
hyperaccumulating populations can also had unusually high Co. In total, there were 27 species 
(eight families) with Co >50 µg/g and 16 species (four families) with Co >100 µg/g, predominantly 
in the families Phyllanthaceae and Euphorbiaceae. In the Ni hyperaccumulators, the Ni/Co quotient 
ranged from 1.5–18 589 (mean 475). The highest Ni/Co quotients are in strong Ni 
hyperaccumulators, for example Psychotria sarmentosa (n = 8), which had mean Ni and cobalt 
concentrations of 12 825 µg/g and 3.6 µg/g, respectively. The specificity of Ni uptake over Co is 
remarkable. The highest concentrations were found in the Co hyperaccumulator Glochidion 
sericeum (Phyllanthaceae) with 909–1310 µg/g. This species is unusual in having a very low Ni/Co 
(ranging from 1.7–2) and would be considered a moderate Ni hyperaccumulator (accumulating up 
to 2192 µg/g Ni in the foliage). Lower Co concentrations were found in Mischocarpus sundaicus 
(Sapindaceae) with 1139 µg/g, Aporosa chalarocarpa (Euphorbiaceae) with 468 µg/g, and 
Glochidion arborescens (Phyllanthaceae) with 315 µg/g, although all of these were still above the 
defined hyperaccumulation threshold of 300 µg/g Co. 
 
[Chromium] - Cr is non-essential to plants, and phytoavailability in soils is generally extremely 
low, even in ultramafic soils which can contain up to 2% Cr. As a consequence, Cr is generally very 
low in all plants (mean 13 ± 0.8 µg/g). An unusually high Cr concentration, combined with high Fe, 
can often be an indication of potential contamination of leaf samples by soil particles. If such 
samples were excluded, there were still four species (from three families) with Cr >300 µg/g which 
is the concentration above which defines hyperaccumulation for the element. Almost all of these 
species were Ni hyperaccumulators and mainly in the families Phyllanthaceae, Monomiaceae and 
Violaceae. They include Anisophyllea disticha (Anisophylleaceae) with 482 µg/g and Psychotria 
sarmentosa (Rubiaceae) with 426 µg/g. 
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[Iron] – The mean foliar Fe concentration was 96 ± 8.4 µg/g, but 17 species (13 families) had 
>1000 µg/g, of which the highest were Agrostemma cf. hameliifolium (Rubiaceae) with 6534 µg/g, 
Taenitis blechnoides (Adiantaceae) with 4249 µg/g, Phyllanthus cf. reticulatus (Phyllanthaceae) 
with 3292 µg/g and Thottea triserialis (Aristolochiacaea) with 2694 µg/g. 
 
[Manganese] - Concentrations of Mn vary widely between plants (range: 0.01–23 098 µg/g and 
mean 588 ± 35 µg/g) with 51 species (24 families) >2000 µg/g and 19 species (12 families) >5000 
µg/g. The highest values were recorded for Hedyotis sp. (Rubiaceae) with 23 098 µg/g, Antidesma 
cf. coriaceum (Phyllanthaceae) with 16 925 µg/g, and Ilex oppositifolia (Aquifoliaceae) with 13 431 
µg/g. In total, seven species (five families) were hyperaccumulators of Mn (>10 000 µg/g). Mn 
accumulation was particularly notable in the Phyllanthaceae with six species of Glochidion having 
>2000 µg/g. Mn hyperaccumulation is a relatively well-described phenomenon, with about 20 Mn 
hyperaccumulators currently known worldwide, mainly from Australia and New Caledonia 
(Fernando et al. 2009; 2012). Mn is an essential plant element and abundant in ultramafic soils. 
However, at low soil pH, Mn can be phytotoxic. Apart from some of the rarer species, there was a 
wide range of foliar Mn concentrations encountered whereas for the transition elements (Ni, Cr, Cu, 
Zn), the concentration ranges were typically much narrower. Proctor (2003) noted that 21% of the 
species tested in New Caledonia had foliar Mn concentrations >1000 µg/g, indicating that 
significant Mn accumulation is a relatively common phenomenon on ultramafic soils. 
 
[Nickel] - Ni was the last trace element to be discovered as essential to most plants (Brown, 1987) 
and, along with Mo, critical concentrations for Ni are the lowest (0.1 µg/g) of all micronutrients 
(Epstein, 1972). Ni is effectively excluded from uptake in most plants to avoid potential toxicity 
effects. With Ni hyperaccumulators excluded, the mean foliar Ni concentration across the samples 
collected was 55 µg/g. In total, 24 species (12 families) are Ni hyperaccumulators (>1000 µg/g), 
predominantly in the Phyllanthaceae, Rubiaceae and Violaceae families. The highest concentrations 
were in Psychotria sarmentosa (Rubiaceae) with 24 180 µg/g, Phyllanthus cf. securinegoides 
(Phyllanthaceae) with 23 253 µg/g, Glochidion cf. 'bambangan' (Phyllanthaceae) with 16 691 µg/g, 
Rinorea bengalensis (Violaceae) with 12 810 µg/g and Cleistanthus sp. nov. (Euphorbiaceae) with 
11 521 µg/g. In total, six species accumulate more than 10 000 µg/g (1%) and such plants have been 
termed ‘hypernickelophores’ by Jaffré and Schmid (1974). Although hyperaccumulators of trace 
elements are generally extremely specific in the uptake and accumulation of one metal, and rarely 
two, it appears from the data presented that co-accumulation of a range of metals does occur; for 
example, Aporusa chalarocarpa (Phyllanthaceae) with Al 25 898 µg/g, Mn 1443 µg/g, and Ni 1558 
µg/g, Baccaurea lanceolata (Phyllanthaceae) with Al 18 389 µg/g, Ca 21 856 µg/g, Mg 26 654 
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µg/g, Ni 1450 µg/g and Zn 202 µg/g, and Urophyllum cf. marcophyllum (Rubiaceae) with Al 
27 089 µg/g, Mg 3259 µg/g, and Mn 10 463 µg/g. It is unlikely these cases result from 
contamination of the samples with soil particulates, as Fe and Cr concentrations are low. However, 
from a physiological point of view it is hard to explain how such co-uptake could occur, particularly 
because these ions are of different charges and ionic radii.  
 
[Zinc] - Zn is an essential micronutrient with critical concentrations of 20 µg/g. (Epstein, 1965). 
Two species; Dichapetalum gelonioides subsp. pilosum (Dichapetalaceae) and Glochidion sp. indet. 
(Phyllanthaceae), with Zn concentrations of 4922 and 4275 µg/g, respectively, exceed the 
hyperaccumulation criterion of 3000 µg/g. The case of Dichapetalum gelonioides is particularly 
interesting because this species is also a strong Ni hyperaccumulator on ultramafic soils. Baker et 
al. (1992) reported Zn hyperaccumulation up to 15 560 µg/g from a herbarium specimen collected 
from near Lahad Datu in Sabah (from non-ultramafic soils) and 34 360 µg/g from a specimen in the 
Philippines. Phyllanthus amarus, a common weed mainly on non-ultramafic soils, had a high Zn 
concentration (1475 µg/g) and other species in the genus Phylllanthus (e.g. P. balgooyi, P. cf. 
securinegoides) are strong Ni hyperaccumulators. 
3.2 Phylogenetic patterns of elemental accumulation 
 
Overall, the foliar concentrations of Ca and K are lower in plants growing in ultramafic soils than in 
plants growing on non-ultramafic soils. In contrast, Mg, Ni, Cr and Co are mostly higher in plants 
growing on ultramafic soils (compare Figures 5.1 with 5.2 and 5.3 with 5.4). Comparison of 
elemental profiles of 103 families from ultramafic soils reveals significant differences between 
metal accumulation behaviour. For example, the Acanthaceae, Moraceae, Pittosporaceae and 
Rosaceae accumulate relatively high levels of Ca, K and Mg, whereas Dracenaceae, Polygalaceae 
and Puntranjivaceae are lower in these elements. Compared to soil concentration ranges, Ca, K and 
Mg concentrations in foliar tissues are constrained to a narrow range. This relative relationship is 
even more pronounced with Ni, Mn and Zn. In general, foliar Ni concentrations are low (<50 µg/g) 
in most families, but in those families with a Ni concentration range exceeding 500 µg/g, 
hyperaccumulators of this metal will likely be found. Zn concentration is constrained over a narrow 
range (mean 70 ± 6.0 µg/g) and Mn over a wider range (mean 588 ± 35 µg/g). Families with 
consistently high Zn include the Dichapetalaceae, Meliaceae, Symplocaceae and Tiliaceae. In the 
non-ultramafic soils, these overall patterns are also apparent, but absolute concentrations of all 
elements are lower. Lower overall foliar elemental concentrations are also apparent when 
comparing Ca, Mg and K concentrations in seven common families (Theaceae, Podocarpaceae, 
Myrtaceae, Lauraceae, Fagaceae, Fabaceae and Ericaceae, none contains hyperaccumulators) from 
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ultramafic and non-ultramafic soils (Figure 5.5 A and B). On the non-ultramafic soils the foliar 
ranges for these elements are wider ranging than on ultramafic soils, but the general proportionality 
(e.g. stoichiometry) between elements within families is similar between ultramafic and non-
ultramafic soils. 
 
There are significant differences between families based on phylogenetic attributes. The family 
Myrtaceae (genera: Leptospermum, Xanthomyrthus, Syzygium) and Theaceae (genera: Schima, 
Adinandra) have high concentrations of Al and Mg and low concentrations of Ca and K. This 
relates to the high-altitude acid soils on which these families predominantly occur. Further higher 
order phylogenetic patterns are in the accumulation of P, S and K. The association of significant Al 
accumulation in the families Symplocaceae, Polygalaceae, Rubiaceae, Melastomataceae and 
Anisophylleaceae is well-known in the literature (Chenery and Sporne, 1976; Jansen et al., 2002) 
and in this study these families were unequivocally the most important Al accumulators (Table 
5.2). In addition, the family Phyllanthaceae (genus: Aporusa) also has high Al accumulation, and 
this has also been reported elsewhere (Masunaga et al., 1998; Jansen et al., 2002). However, Al 
accumulation is a widespread phenomenon, known from at least 60 angiosperm families (Jansen et 
al., 2002), suggesting that Al accumulation has independently evolved over numerous times (Metali 
et al., 2009). Phylogenetic patterns for Ni accumulation are distinct for the Order Malpighiales. The 
Malpighiales is one of the largest orders of flowering plants, containing approximately 16 000 
species in 42 families globally, accounting for approximately 7.8% of eudicots (Wurdack and 
Davis, 2009; Stevens, 2013). Of those, 21 families and 292 species have been recorded in Kinabalu 
Park of which 115 species occur predominantly or exclusively on ultramafic soils (Beaman, 2013). 
The families Phyllanthaceae (genera: Phyllanthus, Glochidion) and Violaceae (genus: Rinorea) 
have the most Ni hyperaccumulator species. A study on rainforest plants (on non-ultramafic soils) 
in Sarawak found that the Euphorbiaceae accumulated significantly more Co compared to the 
Dipterocarpaceae (Breulmann et al. 1999). This re-iterates the propensity for this family to 
accumulate transition elements, not just Ni. This is also evident from the frequency of species in the 
Phyllanthaceae represented as having the highest accumulation values for Cu, Co, Cr, Fe, Mn and 
Zn (Table 5.2). Above-average Co and Cr accumulation invariably occurs in Ni hyperaccumulators, 
whereas such trends are not obvious for Fe, Cu, Mn and Zn. 
4. Discussion 
 
The concentrations of foliar elements are indicative of potential deficiency in nutrients or exposure 
to phytotoxic concentrations of elements in the soil to which plants are exposed. Therefore the 
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foliar elemental profile relates directly to the fitness of individual plants, and hence informative 
about growth, survival and reproduction within a given environment over time (Garten, 1978). The 
foliar elemental profile itself is a reflection of evolved ecophysiological processes (multivariate 
phenotypic traits) as determined by genotype and plasticity acting on soil chemistry and 
environment (Garten, 1978; Ågren, 2008). Foliar elemental composition of essential elements (and 
the coincident uptake of non-essential elements) is controlled by genetically prepositioned 
ecophysiological behaviour, growth rate, and availability of the element(s) in the soil and habitat 
factors (e.g. climate, water supply, altitude, and degree of exposure). Plant diversity and distribution 
has also been shown to correlate with essential elements in the soil (John et al. 2007; Laurance et al. 
2010). Ågren and Weih (2012) list different causal scales that can explain foliar elemental 
stoichiometry: (1) Environmental differences as a result of soil elemental availability; (2) 
Differences between genotypes in the same environment; (3) Plastic differences between 
individuals of the same genotype; (4) Plastic differences within an individual caused by growth 
conditions. The ‘biogeochemical niche’ hypothesis proposes that plants competing in the same 
habitat with co-existing plant species use essential elements differently (Garten, 1978; Peñuelas et 
al., 2009; 2013). These differences (or ‘resource partitioning‘) relate to evolved efficiency in 
uptake, symbiotic relationships and specialized metabolic functioning, as well as opportunistic use 
of micro-scale habitat and soil chemical gradients. As such, the foliar element concentrations 
(absolute amounts and stoichiometric relationships) constitute the final phenotypical expression of 
different biogeochemical niches (Peñuelas et al., 2013). This could be part of the explanation of 
how extremely diverse plant assemblages can co-exist, as different nutrient acquisition strategies 
could promote niche differentiation and hence reduce competition for resources (Fyllas et al., 
2009). It is important to note, however, that foliar elemental concentrations are generally not 
directly linked to current soil elemental concentrations as has been shown elsewhere (Golley et al., 
1978; Golley, 1986). This applies particularly to the case of slow-growing species such as large 
trees because foliar elements have been acquired over a long period of time and can also be stored 
in other plant organs (roots, stems) and re-distributed to leaves over time. This explains the frequent 
extreme levels of accumulation of essential (and non-essential) elements in foliar matter compared 
to acute soil concentrations. The dominance of very slow-growing species (predominantly ligneous 
shrubs) on ultramafic soils at high altitude can hence be successfully exploited by their inherent low 
annual nutrient requirements, highly efficient uptake mechanisms, and leaf longevity as shown for 
other nutrient-poor soils (Chapin, 1980). Furthermore, the high-altitude habitat of many of the 
species in this study would have a reduced transpiration rate and hence reduced uptake of soil 
elements. As suggested by Grubb (1977), the more pronounced stunting of trees on mountain ridges 
could be explained by more intensive leaching of soil elements on such ridges. However, this can 
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also (partly) be explained by the extremely shallow soils and exposure to wind on ridges. 
Additionally, the accumulation of mor humus, and general acidification of high-altitude montane 
soils results in slower N mineralisation and P complexation on the one hand, and greater availability 
of many trace elements on the other. Explaining foliar element profiles is therefore complicated. It 
should also be noted that controlled environment experiments may be needed before conclusive 
statements can be made about new hyperaccumulator species, particularly of Cr, Cu and Co. 
Putative hyperaccumulators for these elements appear as outliers suggestive of ‘bioindicator 
behaviour’ (e.g. strong coupling of soil element concentrations with uptake depending on localised 
soil chemical conditions). 
 
The approach in this study limits biogeographical and edaphic effects, although site-specific (e.g. 
habitat) variation is still important. For example, plant assemblages from high-altitude scrub and 
lowland tall rainforest (included in the dataset of this study) have vastly different elemental profiles. 
This exemplifies the fact that the phylogenetic constrained foliar elemental profiles are a result of 
both present ecophysiological functioning and the association of plant species to different 
ecosystems as a result of ancient evolutionary selection processes. Therefore, phylogeny is also 
constrained by species distribution as a result of its requirements for particular soil chemistry, 
climate and other habitat requirements (Watanabe et al., 2007). The non-independent evolution of 
foliar elemental concentrations across species can be explained by: (1) the `critical' essential 
element for plants in nutrient-limited environments; and (2) the accumulation of `luxury' amounts 
of elements in nutrient-rich environments (Broadley et al., 2004). Crucially, however, phylogenetic 
patterns of elemental accumulation represent the sum of all past selection pressures, and hence 
could be independent of present-day soil habitat and soil requirements. For example, in the case of 
Al accumulators, higher level phylogenetic patterns have been shown to be independent of present-
day soil preferences (Jansen et al., 2002). However, as opposed to Al accumulators, the restriction 
of virtually all Ni and Co hyperaccumulators to ultramafic soils is intrinsic as soil concentrations for 
both elements in non-ultramafic soils are too low to enable significant accumulation behaviour. 
Recent work (Van der Ent, unpublished) showed a correlation between the occurrence of Ni 
hyperaccumulators and high soil Ni. Revealingly, some Ni hyperaccumulators such as 
Dichapetalum gelonioides occur also on non-ultramafic soils (e.g. facultative hyperaccumulators) 
but then hyperaccumulate Zn, which is more abundant in non-ultramafic soils than Ni. This unusual 
behaviour indicates that this species has an apparent ‘need’ to accumulate either metal and its 
ecophysiology is flexible enough to accommodate this. Such ‘inter-element’ hyperaccumulator 
behaviour is not known from any other plant species in the region, although Phyllanthus spp. 
occurring on non-ultramafic soils also have abnormally high Zn (and most Phyllanthus spp. on 
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ultramafic soils hyperaccumulate Ni). Overall, however, the great majority of hyperaccumulator 
species are of the obligate kind and are physiologically linked to ultramafic soils as a result of their 
evolution. Ni, Cr, Co and Zn hyperaccumulation appears to have evolved most frequently in the 
Malpighiales. Molecular clock calculations put the origin of the Malpighiales at 90–100 million 
years (Magallon and Castillo, 2009), and therefore the origins of hyperaccumulation is probably 
ancient. 
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Figure 5.1. Boxplots of foliar accumulation (Ca,  K, Mg) of ultramafic soils (n = 1533). 
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Figure 5.2. Boxplots of foliar accumulation (Ca, K, Mg) of non-ultramafic soils (n = 177).
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Figure 5.3. Boxplots of foliar accumulation (Ni, Mn, Zn) of ultramafic soils (n = 1533).
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Figure 5.4. Boxplots of foliar accumulation (Ni, Mn, Zn) of non-ultramafic soils (n = 177).  
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Figure 5.5. Elemental profiles of common families on ultramafic ('A') and non-ultramafic soils 'B'). 
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Table 5.1. Extreme foliar accumulation for a range of elements. The highest values for each species 
per element are shown. Results are from micro-wave assisted digestion with HNO3 and H2O2. 
 
 
 
  
Family Species Al > 25 mg/g Family Species Cu > 100 µg/g
Symplocaceae Symplocos buxifolia 50.0 Sapindaceae Mischocarpus sundaicus 370
Symplocaceae Symplocos deflexa 38.4 Rubiaceae Agrostemma cf. hameliifolium 229
Symplocaceae Symplocos gambliana 37.5 Anacardiaceae Gluta wallichii 172
Rubiaceae Urophyllum longideus 36.0 Blechnaceae Blechnum borneense 152
Proteaceae Helicia sp. 34.3 Phyllanthaceae Phyllanthus sp. 147
Symplocaceae Symplocos adenophylla 29.4 Dennstaedtiaceae Lindsaea gueriniana 130
Rubiaceae Urophyllum cf. marcophyllum 27.1 Loganiaceae Norrisia sp. 106
Family Species Na > 10 mg/g Family Species Ca > 40 mg/g
Euphorbiaceae Croton ablongifolius 14.1 Symplocaceae Symplocos buxifolia 53.9
Myrtaceae Syzygium sp. 13.0 Araliaceae Schefflera foetida 51.8
Euphorbiaceae Trigonostemon cf. merrillii 11.9 Acanthaceae Semnostachya galeopsis 49.5
Pittosporaceae Pittosporum ferrugineum 10.3 Moraceae Ficus sp. 45.8
Monomiaceae Kibara coriceolus 10.2 Acanthaceae Ptyssiglottis cf. fusca 42.3
Ericaceae Vaccinium sp. 10.0 Symplocaceae Symplocos deflexa 41.5
Family Species Mg > 20 mg/g Family Species S > 5000 µg/g
Acanthaceae Ptyssiglottis cf. fusca 35.4 Dichapetalaceae Dichapetalum gelanioides 12002
Phyllanthaceae Baccaurea lanceolata 26.7 Rubiaceae Lasianthus rottendatus 10411
Monomiaceae Kibara coriceolus 22.8 Phyllanthaceae Glochidion sp. 8604
Acanthaceae Semnostachya galeopsis 22.6 Euphorbiaceae Croton ablongifolius 7242
Asteraceae Gynura procumbens 20.9 Anisophylleaceae Anisophyllea disticha 7068
Family Species Mn > 10 mg/g Family Species Ni > 15 mg/g
Rubiaceae Hedyotis sp. 23.1 Rubiaceae Psychotria densifolia 24.5
Phyllanthaceae Antidesma cf. coriaceum 16.9 Phyllanthaceae Phyllanthus cf. securinegoides 23.3
Phyllanthaceae Aporosa falcifera 13.5 Phyllanthaceae Glochidion sp. 'bambangan' 16.7
Aquifoliaceae Ilex oppositifolia 13.4 Family Species Zn > 1000 µg/g
Myrsinaceae Ardisia sp. 11.5 Dichapetalaceae Dichapetalum gelonioides 4922
Rubiaceae Urophyllum cf. marcophyllum 10.5 Phyllanthaceae Glochidion sp. 4275
Phyllanthaceae Antidesma leucopodum 10.0 Phyllanthaceae Phyllanthus amarus 1475
Family Species Na > 10 mg/g Family Species Cr  >300 µg/g
Euphorbiaceae Croton ablongifolius 14.1 Anisophylleaceae Anisophyllea disticha 483
Myrtaceae Syzygium sp. 13.0 Phyllanthaceae Phyllanthus sp. 471
Euphorbiaceae Trigonostemon cf. merrillii 11.9 Rubiaceae Psychotria sarmentosa 426
Pittosporaceae Pittosporum ferrugineum 10.3 Family Species P  > 2000 µg/g
Monomiaceae Kibara coriceolus 10.2 Phyllanthaceae Glochidion sp. 4238
Ericaceae Vaccinium sp. 10.0 Phyllanthaceae Phyllanthus amarus 3039
Family Species Fe > 2000 µg/g Family Species Co > 300 µg/g
Droseraceae Drosera ultramafica 3914 Phyllanthaceae Glochidion sericeum 1311
Aristolochiacaea Thottea triserialis 2695 Meliaceae Mischocarpus sundaicus 1139
Phyllanthaceae Phyllanthus sp. nov. sersinsim 2577 Phyllanthaceae Aporosa chalarocarpa 468
Blechnaceae Blechnum borneense 2106
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Table 5.2. Phylogenetic patterns of metal accumulation among Classes, Clades, Order and families. 
Only families with >5 samples were selected (the omitted families did not contain 
hyperaccumulators). Results are from micro-wave assisted digestion with HNO3 and H2O2. 
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Abstract 
 
The aim of this research was to assess the hypothesis that the frequency distribution of Ni, Co, Cr, 
Cu and Mn accumulation in the flora of Mount Kinabalu, Sabah, Malaysia can be used to 
distinguish groups of plant behaviour. The data were geographically- (Kinabalu Park) and 
edaphically- (ultramafic soils) constrained and included both a large number of samples (n = 1533) 
and species (90 families, 495 species) to reduce phylogenetic effects. The inclusion of a relatively 
high proportion (~24%) of hyperaccumulator species (with foliar concentrations of Ni >1000 µg/g, 
Co >300 µg/g or Mn >10 000 µg/g) allowed for hypothesis testing. To address our hypothesis, 
concentrations of foliar elements from ultramafic soils were compared with a smaller reference 
dataset from non-ultramafic soils (n = 177). Frequency distribution graphs for most elements (Ca, 
Mg, P) were unimodal, although some were left-skewed (Mg, Mn). The large number of Ni 
hyperaccumulator samples and species (n = 24) made it possible to statistically derive the 
'hyperaccumulator threshold' for this trace element. The Ni frequency distribution was strongly 
bimodal and the separation point for the two modes was between 250–850 µg/g. Accounting for 
statistical probability, the empirically reported threshold from the literature (1000 µg/g) remains 
appropriate. Two discrete modes for Ni indicate ecophysiologically distinct behaviour in plants 
growing in the same soils. Such behaviour is unlike other trace elements (e.g. Mn) for which 
hyperaccumulators are known to show a wide distribution around the mean. As such, the uptake 
behaviour of trace elements such as Mn appears to be an extension of normal regulation processes. 
Hyperaccumulation of other heavy metals (Cu, Co, Cr, Zn) is very rare, even on ultramafic soils 
rich in these elements but of these, the frequency distributions for Co and Cr were also bimodal. 
The only other metal for which bimodality has been statistically demonstrated in the literature is Al 
but no bimodal distribution was found for this element in this study. 
 
Keywords: bimodal distribution, indicator, hyperaccumulator, nickel, skewness. 
1. Introduction 
 
Elemental uptake of Ni is of special interest because three distinct modes are known: exclusion 
(virtually no uptake, most plants), indicator (mild uptake behaviour, common) or 
hyperaccumulation (selective uptake, extremely rare). Nickel hyperaccumulators take up the metal 
irrespective of soil concentrations and are defined as having in excess of 1000 µg/g in foliage 
(Reeves, 2003). Recent estimates (Van der Ent et al., 2013) estimated that there are approximately 
400 nickel hyperaccumulators, mostly from Cuba (130) (Reeves et al., 2007) and New Caledonia 
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(56) (Reeves, 2003). Hyperaccumulators for metals, other than Ni, are also known, including for 
cobalt (Co) and chromium (Cr), each with a nominal threshold criterion of 300 µg/g in foliage (Van 
der Ent et al., 2013. All Ni hyperaccumulators are restricted to soils derived from ultramafic rocks 
but the phenomenon is still rare (estimated at 0.2% of plant species occurring on ultramafic soils). 
 
The original Ni hyperaccumulation threshold is 10–1000-fold higher than the average concentration 
in most plants (Brooks and Radford 1978; Brooks et al., 1979). When expressed on a log-
transformed frequency distribution scale, bimodal patterns have been observed in phylogenetically-
restricted data sets, such as the case in the genus Alyssum (Brassicaceae) (Brooks, 1987, 1998; 
Pollard et al. 2002), and in edaphically-limited datasets (Reeves, 1992). However, these distribution 
patterns have not been found to date in a tropical dataset (Reeves et al., 2007). Further (meta-) 
analysis studies (Broadley et al., 2001; Watanabe et al., 2007) focussed on accumulation patterns of 
elements in plants, but these datasets have not proved suitable for identifying a potential 
‘hyperaccumulation mode’. The problem lies with the extreme rarity of hyperaccumulator plants; 
hence it is hard to observe any potential bimodality and skewness in foliar elemental concentrations. 
This is illustrated by the fact that the plant orders with the greatest number of Ni 
hyperaccumulators, the Malpighiales, comprising approximately 16 000 species, contains only 
about 150 known hyperaccumulators, and the Asterales comprising approximately 27 500 species, 
only have 38 hyperaccumulators. Therefore, datasets have to be either limited phylogenetically (e.g. 
at family or genus level) or edaphically (e.g. from only ultramafic soils) in order to highlight the 
incidence of hyperaccumulators. The current thresholds for recognition of hyperaccumulator status 
are pragmatically based on field observations, not on statistical grounds. It is not known whether 
they form a qualitatively separate group (i.e. in the form of a bimodal pattern), indicative of a 
distinct physiology, or whether hyperaccumulators are just the tail of a continuous (log-normal) 
distribution.  
 
The aim of this present study was to clarify the frequency patterns of Ni, Co and Mn accumulation 
in the flora of Mount Kinabalu, Sabah, Malaysia. The existence of bimodality is indicative of 
distinct ecophysiological behaviour associated with hyperaccumulators of trace elements. Defining 
hyperaccumulator threshold concentrations in foliage, based upon sound statistical evidence, will 
assist in the identification, and ultimately the conservation and utilization of hyperaccumulator 
species. 
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2. Materials and methods 
2.1 Study site 
 
Mount Kinabalu in Malaysia has large surface expressions of ultramafic rocks and overlying soils 
and is renowned as the most species-rich area on Earth, with more than 5000 plant species in an 
area <1200 km2 (Beaman, 2005) and over 2200 of these species occurring over ultramafic outcrops. 
The extremely high levels of plant diversity combined with the small surface extent makes this site 
an ideal candidate for studying plant metal accumulation of a geographically- (Mount Kinabalu 
Park) and edaphically- (ultramafic soil) limited environment. This study is unique because: (1) all 
data were collected and analysed using the same methods, thus excluding sample bias and analytical 
differences; (2) the data were geographically- and edaphically-constrained; and (3) the inclusion of 
both a high number of samples (1533) and large number of species (495) reduced phylogenetic 
effects. Hyperaccumulators of Ni were purposely over-represented in the dataset as a result of 
targeted screening in order to reduce skewness. 
2.2 Collection and laboratory analysis of soil samples 
 
Soil samples were collected from 101 ultramafic plots in Mount Kinabalu Park in an area of 
approximately 700 km2. These plots were established for the purpose of vegetation studies and 
measured 10 x 25 m (>1200 m asl), 20 x 25 m (1200–500 m asl) or 100 x 20 m (<500 m asl). For 
each plot, at least three soil samples (1–2 kg) were collected. Soil samples were also collected 
outside plots near to the collection localities for foliar samples (see 2.3). The ultramafic soil 
samples totalled 393 and an additional 66 samples were collected from non-ultramafic soils in the 
same area. Each soil sample was collected in the A/B mineral horizon to a depth of 15-30 cm. Care 
was taken not to include organic constituents. All soil samples were transferred to the local field 
station, air-dried at room temperature to constant weight (3–4 weeks), sieved to <2 mm then 
shipped to Australia and gamma irradiated by Steritech Pty Ltd (Brisbane). The analysis of soil 
samples took place at the University of Queensland in Australia. Phytoavailable Ni, Co, Cr and Mn 
were analysed by extraction with carboxylic acids (acetic, malic and citrate acid in molar ratio of 
1:2:2 at 0.01 M) at a soil:solution ratio of 1:4 (10 g:40 mL) with a 2 hours shaking time. 
Exchangeable cations were extracted with silver-thiorea (Dohrmann, 2006) over 16 hours. Mehlich-
3 extractable P was extracted with ammonium fluoride, EDTA, ammonium nitrate, acetic acid and 
nitric acid (pH 2.5) for 5 minutes (Mehlich, 1984). The soil extractions were all undertaken in 50 
mL polypropylene (PP) centrifuge tubes and agitated for method-specific times using an end-over-
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end shaker at 400 rpm. Following centrifugation (10 minutes at 4000 rpm), the supernatant was 
collected in 10 mL polypropylene tubes. All samples were analysed by ICP-AES (Varian Vista Pro 
II) for Ni, Co, Cu, Zn, Mn, Fe, Mg, Ca, Na, K, S and P. The ICP-AES instrument was calibrated 
using a 6-point multi-element standard (Ni, Cu, Fe, Mg, Ca, K) prepared for each extraction 
solution. 
2.3 Collection and laboratory analysis of foliar material 
 
Composite samples from each plot (101 plots in total) were made sampling fully-grown leaves 
collected by hand from each of the five most dominant tree species (in terms of the largest 
combined basal area or, in multi-structural communities, of the five most dominant species of the 
stratum with the highest cover). In total, 1533 samples were collected comprising 90 families, 198 
genera and 495 plant species. For each plot, the leaf samples for each of the five species were kept 
in separate paper bags to prevent decomposition before transport to the field station. Leaf samples 
were similarly collected from non-ultramafic soils in the same area (totalling 177 samples, 
including 45 families, 80 genera and 120 species). The dataset was biased towards tree and ligneous 
shrub species; herbs were not included in this collection due to the risk of leaf contamination with 
soil particulates, and epiphytes were not included, as the uptake of elements in the foliage of this 
group of plants is not directly related to soil chemistry. To avoid sampling skewedness towards Ni 
hyperaccumulators, all plants were initially screened for hyperaccumulation in the field by pressing 
the leaves against filter paper impregnated with the Ni-specific reagent dimethylglyoxime (‘DMG’). 
Empirical experience has shown that the sensitivity of the colour reaction in this field test is 
indicative of approximately 500 µg/g nickel in fresh plant leaves. Over 5000 plant leaf samples 
comprising approximately 1000 species have been tested using this method. All samples that tested 
positive were re-collected (fully-grown sun leaves, at least 2 m above the ground). The leaves were 
thoroughly washed with demineralised water to remove potential dust contamination and dried at 
70°C for five days in a drying oven, packed for transport to Australia and gamma irradiated 
following Australian quarantine regulations. All foliar samples were crushed and ground, and a 300 
mg subsample digested using 8 mL concentrated nitric acid (70%) and 1 mL hydrogen peroxide (30 
%) in a microwave oven.  The digests were diluted to 30 mL with triple-deionised (TDI) water 
before analysis by ICP-AES for elemental composition including Ni, Co, Cr, Cu, Zn, Mn, Fe, Mg, 
Ca, Na, K, S and P.  
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2.4 Statistical analysis  
 
Analytical results of the soil samples (three samples for each of the 101 plots) were averaged for 
each plot. Similarly, the analytical data for the foliar samples (five samples for each of the 101 
plots) were averaged for each plot. As such, a direct comparison could be made for soil and foliar 
chemistry on a plot-by-plot basis. In addition, the data for all foliar samples were used separately 
for analysis of frequency distributions of elemental concentrations. The total number of samples 
used for different types of data analysis varied slightly, depending on the elements considered, as a 
consequence of the exclusion of samples below the elemental detection limits. Soil and foliar 
chemistry data were analysed using the software package STATISTICA Version 9.0 (StatSoft), 
Excel for Mac version 2011 (Microsoft) and PRIMER Version 6 (PRIMER-E). Statistical tests for 
correlation and significance were performed in the 'R' statistical package (R core v 3.0 and R Studio 
version 0.97, 2012). Hartigan’s dip test (Hartigan and Hartigan, 1985) was used to test for 
unimodality in the frequency distributions with the ‘dip test’ package (Maechler, 2009) in R. 
Following the test for unimodality, cluster analysis was performed to test for the presence of 
clusters with the ‘Mclust’ package in R (Fraley and Raftery, 1999; 2009). The cluster analysis 
produced means, variances and number of samples for each cluster, which could then be used to 
define hyperaccumulator criteria. The statistical approach for testing for the presence of 
'hyperaccumulator modes’ using a dip test and cluster analysis followed the methods in Metali et al. 
(2011). 
3. Results 
3.1 Foliar elemental accumulation patterns in relation to ultramafic and non-ultramafic soils 
 
Summarised metal accumulation properties found in the two datasets (ultramafic and non-
ultramafic) are represented with foliar elemental concentrations in Table 6.1. Despite much wider 
foliar concentration ranges for the elements Co, Cr, Cu, Mn, Ni and Zn in ultramafic soils, mean 
concentrations for these elements (except Ni) were similar to foliar concentrations on non-
ultramafic soils. As reported elsewhere in the literature (Markert, 1993; Marschner, 1995, Wanatabe 
et al., 2003), mean concentrations of elements generally followed a negative correlation with atomic 
number (Figure 6.1 A and B). Foliar concentrations range by three orders of magnitude, from the 
highest (Mg, K, Ca) to the lowest (Cu, Cr, Co) concentrations. Typically, plants tend to exclude Al, 
Fe, Mg, Co, Cr, Mn and Ni, which are present at orders of magnitude higher in ultramafic soils 
compared to foliar dry matter (Figures 6.2 and 6.3).  
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The growth of plants in tropical rainforests is generally P-limited (Vitousek, 1986) and major 
nutrient deficiencies in ultramafic soils have been widely credited for being responsible for the 
stunted appearance of ultramafic vegetation (Brooks, 1987; Proctor, 2003). However, a comparison 
of the macronutrient concentrations in the ultramafic and non-ultramafic soils shows that Ca, Mg, 
Na, P and S, as well as the micronutrients Mn, Fe, Zn and Cu, are all higher in ultramafic soils. 
Only K is lower in ultramafic soils. In addition, foliar concentrations of these elements are higher in 
plants growing on ultramafic soils (Table 6.1). Therefore, it is unlikely that plants growing in 
ultramafic soils experience any greater nutrient-limitation than plants growing in non-ultramafic 
soils. In general, if a plant experiences a deficiency of an essential element, foliar concentrations of 
that element are expected to be low. Pair-wise correlation coefficients (Pearson r) for inter-element 
concentrations in foliage from ultramafic and non-ultramafic soils (Table 6.2) show significant (p 
<0.01) correlations between Ca-Al, Ca-Mg, K-P, P-S (ultramafic soils) and Ca-Mg, Ca-P, K-P and 
Mg-S (non-ultramafic soils). 
 
The elemental profile in leaves of plants from ultramafic soils reflect that of their environment, with 
relatively low concentrations of Ca, K and P but high concentrations of Fe and Mg (Figure 6.2). 
Overall, plants exclude Al, Fe, Mg, Co, Cr, Mn and Ni, which are up to orders of magnitude higher 
in ultramafic soils than in foliage. However, Ca, S, P, K and Na are preferentially accumulated in 
foliage in concentrations far exceeding those in ultramafic soils. Pair-wise correlations between 
foliar elemental concentrations and exchangeable and extractable soil metal concentrations show 
that, for the ultramafic soils, only Al, Ni and P are significantly correlated (p <0.01). For the non-
ultramafic soils no element is significantly correlated (p <0.01). The relatively narrow range in the 
concentrations of most foliar essential elements suggests low requirements. The lack of correlation 
between soil and foliar elemental concentrations for most elements could be explained by (1) 
different ecophysiological behaviour in elemental uptake by plants; (2) the presence of micro-
gradients in the soil chemistry over the plots and/or (3), the inadequacy of extractable and 
exchangeable soil extraction methods for predicting long-term plant uptake. 
 
Foliar elemental concentrations in Ni hyperaccumulators and non-hyperaccumulators (the 
separation being delineated at Ni 1000 µg/g, the currently accepted threshold for Ni 
hyperaccumulation, see Van der Ent et al., 2013) are presented in Table 6.3. Concentrations of Co, 
Cr, Fe and Mg are slightly higher in Ni hyperaccumulators whereas Al, Ca, Na, and Mn are lower.  
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3.2 Frequency distribution of elemental (hyper) accumulation 
 
Frequency distribution curves for foliar elements in plants are shown in Figure 6.4 for ultramafic 
soils (n = 1533) (‘A’) and from non-ultramafic soils (‘B’) (n = 177). The log (ln) transformed 
frequency for most elements follows an approximately normal distribution on ultramafic soils, 
except for Ni, which appears bimodal. For non-ultramafic soils, most log (ln) transformed foliar 
elements also display approximately normal distributions, but in this case Al and Co appear to be 
bimodal. In order to test for unimodality, a Hartigans' dip test was performed on the dataset of foliar 
elements from ultramafic soils, which confirms bimodality for Ni, but also shows a diversion of 
unimodality for Co and Cr and Ni (Table 6.4). The bimodality in the frequency distribution of Ni is 
highly significant (p <2.2e-16), whereas those for Co (p 3.8e-05) and Cr (p 0.0007) are less 
significant. Figure 6.5 shows a detailed foliar frequency distribution graph for Ni (ln and actual 
scale in µg/g). Because of the relatively small number of samples in the dataset (n = 177), no further 
tests were performed on the non-ultramafic dataset. 
 
The ultramafic dataset (only Ni and Co) was then analysed for the presence of separate clusters, 
which would indicate distinct modes defining ‘hyperaccumulator’ and ‘non-ultramafic’ behaviour. 
As such the Mclust package was used to produce means, variances and number of samples for each 
cluster (Table 6.5). The cluster model, by optimising the Bayesian Information Criterion (BIC) 
value, separated the dataset into two clusters. For Ni, the first cluster (‘non-hyperaccumulator’) had 
a mean of 13 µg/g and the second cluster (‘hyperaccumulator’) a mean of 2680 µg/g. Out of 1533 
samples; these clusters consisted of 1164 and 367 samples respectively. Although the analysis could 
be used to derive ranges for the clusters, by using the samples assigned to each cluster, the modes 
are clearly not discrete, but overlap. Therefore the approximate threshold concentration values were 
derived from the frequency curves by selecting the most intermediate bin between the two modes. 
As such the maximum value for the ‘non-hyperaccumulator’ mode is about 250 µg/g, and the 
minimum value for the ‘hyperaccumulator’ mode is about 850 µg/g. The lower limit hence defines 
the appropriate, statistically derived, hyperaccumulator criterion for Ni. However, as indicated, the 
two modes overlap and hence between 250–850 µg/g designation of samples to either mode is 
uncertain. Fourier transformation could potentially be used to precisely delineate the size of the 
modes, followed by probability-analysis to calculate the change a sample belongs to one of the two 
modes.  
 
For Co, the first cluster (‘non-hyperaccumulator’) had a mean of 2.0 µg/g and the second cluster 
(‘hyperaccumulator’) a mean of 9.8 µg/g. Out of 1413 samples, these clusters consisted of 675 and 
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738 samples respectively. Approximate threshold concentration values could also not be derived 
from the frequency curves, because the modes were too close to permit for discerning threshold 
values. 
4. Discussion 
 
This study suggests that foliar elemental profiles are not directly coupled to soil chemistry because 
plants have evolved mechanisms for highly efficient uptake on nutrient-poor soils and are hence 
decoupled. However, as has been shown in other studies involving tropical forests (Golley, 1986) 
the statistical distribution of foliar elemental concentrations (i.e. frequency graphs) are much more 
informative than a direct comparison of soil and foliar elemental concentrations. Frequency 
distributions of the essential elements (Ca, K, Mg, P) in this study have approximately normal 
distributions but some are left skewed. This is probably a symptom of severe nutrient deficiency in 
some plants. The lack of bimodality in the frequency distributions of these elements indicates 
continuous variation in ecophysiological response in plant species. Foliar concentrations of most 
trace elements (e.g. Cu, Zn) are controlled over a very narrow optimum range, in a near-normal 
frequency distribution. High levels of accumulation are very rare. By contrast, Mn is accumulated 
over a significantly wider range, but still follows a near-normal distribution. This is not the case for 
Ni, which follows a distinct bimodal distribution. The two groups (non-accumulators and 
hyperaccumulators) have individual near-normal distributions separated at approximately 250–850 
µg/g Ni. These values are near the lower hyperaccumulation threshold of 1000 µg/g that has been 
used as the definition boundary in the literature (Brooks et al., 1977; Reeves, 1992; Van der Ent et 
al., 2012). The statistical analysis presented here provides further evidence that Ni 
hyperaccumulation does not form the upper tail of a normal frequency distribution but rather is a 
distinct dichotomous trait characteristic for a group of rare plants. This finding reinforces the earlier 
observation of bimodality in the genus Alyssum with similar a separation of the two modes around 
1000 µg/g Ni (Brooks 1987; Pollard et al., 2002). Bimodality, as opposed to unimodality, indicates 
one or only a few genes controlling the physiological uptake process, but unimodality is indicative 
of a more complex multiple genetic control (Meharg, 2003). Given the number of plant species 
analysed (1533 samples across 495 species), this indicates that approximately 1:21 species 
hyperaccumulate nickel, a far higher proportion than that found in other ultramafic areas where the 
ratio reduces to approximately 1 : 500 (Reeves, 2003). The figure from the current study is inflated 
because specific screening for Ni was undertaken, and hence a larger number of positive results 
were included in the chemical analysis. Notwithstanding, the inclusion of these samples in the 
overall dataset derived from Ni accumulation screening makes it possible to compare Ni 
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accumulation patterns and derive phylogenetic information on the phenomenon. This study 
demonstrated that Ni is not the only element with bimodality in the frequency distribution; as foliar 
frequencies for Co and Cr are also bimodal. Strong accumulation of these two elements is typically 
associated with Ni hyperaccumulation, whereas significant uptake of Co and Cr is erratic. This 
indicates ‘bio-indicator’ behaviour where uptake (and foliar accumulation) in a species is a 
consequence of local soil chemistry. This is further supported by the fact that most specimens of the 
same species have (very) low concentrations of either Co or Cr, and a large amount of variation 
within a single population. In contrast, true hyperaccumulators typically maintain high metal 
concentrations over a range of soils and have little variation within a population. The only other 
element for which bimodality has been statistically demonstrated is Al (Metali et al., 2012). 
However, no bimodal distribution was found for this element in this study; rather, its behaviour was 
similar to Mn, with a wide spread around the mean. As such, this ecophysiological behaviour 
appears more likely to be an extension of normal regulatory processes. 
5. Conclusion 
 
Defining normal and abnormal concentrations of elements in leaves improves the understanding the 
ecophysiology of uptake and regulation of essential and non-essential elements. Abnormal ranges 
are associated with hyperaccumulators of trace elements (Cu, Cr, Co, Ni, Mn, Zn) and a precise 
definition of threshold foliar concentrations is critical for their identification. The empirical 
evidence of ‘normal’ (e.g. non-accumulator) and ‘abnormal’ (hyperaccumulator) modes further 
points to the existence of distinct genetic control of trace element hyperaccumulation in a group of 
plants. Further experimental work could elucidate the mechanisms of the physiological processes in 
the hyperaccumulator species described here, and the genetic basis for their behaviour. There is a 
paucity of research dedicated to the ecophysiology and genetics of tropical Ni hyperaccumulators, 
which are vastly different (trees vs. herbs) from the model plants used in the majority of research in 
this field. The properties of some of the tropical Ni hyperaccumulators, as outlined in this work, are 
of major scientific interest for unfolding the mechanisms of hyperaccumulation. As such, 
experimental work could employ reciprocal transplantation of facultative Ni hyperaccumulators 
(such as Rinorea bengalensis) from non-ultramafic to ultramafic soils to demonstrate whether the 
hyperaccumulation trait can be induced as a result of exposure to Ni. The unusual characteristic of 
Dichapetalum gelonioides to hyperaccumulate either Ni or Zn on ultramafic or non-ultramafic soils, 
respectively (Baker et al., 1992), lends itself similarly to reciprocal transplantation experiments. 
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Ultimately, the effective identification of hyperaccumulators in their native habitat supports 
conservation efforts, and invites the potential for exploring the utilisation of hyperaccumulator 
species in emerging phytotechnologies, such as phytomining. 
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Figure 6.1. Foliar elemental concentrations versus atomic number in plants from ultramafic soils 
(‘A’) and from non-ultramafic soils (‘B’). 
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Figure 6.2. Al, Ca, K, Mg, Na, P and S concentrations in soil (pseudo-total concentrations) in red 
boxes, and foliar concentrations in plants in open boxes, from ultramafic soils (‘A’) and non-
ultramafic soils (‘B’).  
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Figure 6.3. Co, Cr, Cu, Fe, Mn, Ni and Zn concentrations in soil (pseudo-total concentrations) in 
red boxes, and foliar concentrations in plants in open boxes, from ultramafic soils (‘A’) and non-
ultramafic soils (‘B’). Results are from micro-wave assisted digestion with HNO3 and H2O2. 
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Figure 6.4. Frequency distribution curves for foliar elements in plants from ultramafic soils (‘A’) 
and from non-ultramafic soils (‘B’) all on log-transformed (ln) scales.  
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Figure 6.5. Detailed foliar Ni frequency distribution graph ultramafic soils, log-transformed (ln) 
and actual Ni concentrations in µg/g on second axis (n = 1531). 
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Table 6.1. Foliar elemental concentrations from ultramafic soils n = 1369 in µg/g (left table) and 
from non-ultramafic soils n = 177 in µg/g (right table). Results are from micro-wave assisted 
digestion with HNO3 and H2O2.  
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Table 6.2. Ultramafic foliar (n = 3-5 x 101 plots) and soil (n = 3 x 101 plots) pair-wise correlations 
(top graph), non-ultramafic foliar (n = 3-5 x 13 plots) and soil (n = 3 x 13 plots) pair-wise 
correlations (bottom graph).  
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Table 6.3. Mean elemental concentrations in Ni hyperaccumulator and non-hyperaccumulator 
leaves (µg/g) from ultramafic soils delimitated at 1000 µg/g foliar Ni. Results are from micro-wave 
assisted digestion with HNO3 and H2O2. The total number of samples (n = 1369) for is lower than 
for the whole ultramafic dataset (n = 1533) as samples below the detection limit for individual 
elements were removed from the analysis. 
 
 
 
 
NON-HYP (n =1036) HYP (n =333 ) p-value
Al 716 310 6.25E-02
Ca 6803 5478 1.02E-03
Co 5 51 1.18E-22
Cr 7 26 4.26E-27
Cu 6 6 9.73E-01
Fe 56 125 3.71E-09
K 3626 4668 2.92E-07
Mg 2670 3816 6.58E-13
Mn 621 294 3.17E-05
Na 863 452 1.92E-08
Ni 14 4830 2.30E-194
P 388 494 1.99E-07
S 1139 1319 4.03E-04
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Table 6.4. Hartigans' dip test for unimodality for foliar elements (the data was log10 transformed 
prior to the analysis). The dip test statistics (d) and probability values (p) show deviation from 
unimodality in the frequency distributions of foliar elements in the dataset (n = 1,240 - 1,533, the 
precise number of samples tested in the analysis differed as a consequence of omitting samples 
below the analytical detection limit). 
 
 
 
  
Mean ug/g Samples Dip test statistic (d) Probability (p-value)
Al 48 1531 0.005 0.995
Ca 4129 1533 0.006 0.985
Co 5.3 1413 0.023 0.00004
Cr 5.5 1517 0.019 0.001
Cu 4.4 1533 0.010 0.389
Fe 41 1533 0.006 0.992
K 2694 1533 0.009 0.622
Mg 2320 1533 0.005 0.995
Mn 191 1532 0.006 0.988
Na 320 1531 0.006 0.987
Ni 46 1531 0.029 < 2.2e-16
P 316 1533 0.005 0.997
S 996 1533 0.007 0.966
Zn 25 1240 0.009 0.706
The data was log10 transformed prior to statistical analyses.
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Table 6.5. Cluster analysis of Ni (n = 1,533) and Co (n = 1,413) foliar concentrations using 
modelling in the Mclust package in 'R'. All data was log10 transformed prior to analysis and back-
transformed for the purposes of display here. The approximate threshold concentration values for 
Ni were derived from the frequency curves by selecting the most intermediate bin between the two 
modes. For Co the modes were too close to allow for discerning threshold values.  
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Abstract 
 
Sabah (Malaysia) has one of the largest surface expressions of ultramafic rocks in the world and in 
parallel hosts one of the most species-rich floras. Despite the knowledge of the botanical diversity 
and the chemistry of the substrates, until recently the records for Ni hyperaccumulators in the area 
have been scant; the recent intensive screening has resulted in 24 new records, adding to the five 
previously known for the region. The area is thus recognized not only as a major centre for plant 
diversity, but also a locus of Ni hyperaccumulators. Since only approximately 10% of the flora has 
been screened to date, it is expected that more will be discovered in the near future. The results of 
this study indicate that most Ni hyperaccumulators in Sabah are restricted to successional habitats 
(ridges, river banks, secondary vegetation) at elevations <1200 m asl. Moreover, at most sites, Ni 
hyperaccumulators are locally common both in terms of number of individuals and number of 
species. All identified Ni hyperaccumulators in the area except one (a ligneous climber) were small- 
to medium-sized trees or shrubs, whereas in more temperate regions of the world, all Ni 
hyperaccumulators are herbs. Ni hyperaccumulation occurs most frequently in the Order 
Malpighiales (families Dichapetalaceae, Phyllanthaceae, Salicaceae, Violaceae), and is particularly 
common in the Phyllanthaceae (genera Phyllanthus, Glochidion). Comparison of soil chemistry 
with elements accumulated in hyperaccumulator foliage showed significant correlation (p = 0.01) 
between soil exchangeable Ca, K, P and the foliar concentrations of these elements. No direct 
relationship was found between soil Ni and foliar Ni, although foliar Ni was negatively correlated 
with soil pH. Although Ni hyperaccumulation has been hypothesized to fulfil herbivory protection 
functions, extensive herbivory-induced leaf-damage on Ni hyperaccumulators in Sabah was 
common, and specialist (Ni-tolerant) insect herbivores were found on several species in this study. 
Nickel hyperaccumulation is not just an interesting biological phenomenon, but holds much 
promise for evolutionary, genetic and ecophysiological research. The identification of Ni 
hyperaccumulators is necessary to facilitate their conservation and potential utilization in Ni 
phytomining. 
 
Keywords: Allelopathy, dimethylglyoxime, elementary herbivory defense, Kinabalu Park.  
1. Introduction 
 
Ultramafic soils represent a category of substrates derived from ultramafic bedrock and are sparsely 
distributed around the world. Such soils are known for relatively high concentrations of potentially 
phytotoxic trace elements, including nickel (Ni), cobalt (Co) and chromium (Cr) while 
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concomitantly having cation imbalances and general nutrient deficiencies (Brooks, 1987; Proctor, 
2003). Of the trace elements enriched in ultramafic soils, Ni is a micronutrient that is essential for 
some plant species, and influences plant senescence, nitrogen metabolism, germination and plant 
disease resistance (Brown et al., 1987; Welch, 1995). On ultramafic soils, however, this trace 
element can be phytotoxic and symptoms indicating excess can include leaf chlorosis and reduced 
growth (Brune and Dietz, 1995; Kukier and Chaney, 2001; Weng et al., 2003). Some plants 
restricted to ultramafic soils have evolved ecophysiological mechanisms to tolerate and accumulate 
Ni, and are termed Ni hyperaccumulators when having in excess of 1000 µg/g Ni in the foliage 
(Van der Ent et al., 2012). The phenomenon is exceptionally rare and known in over 400 species 
world-wide in many different plant families. The Salicaceae, Buxaceae and Phyllanthaceae appear 
to be the most common families in tropical regions where this characteristic has been noted 
(Reeves, 2006). Growth forms of Ni hyperaccumulators include (large) trees, shrubs, herbs and 
climbers. Nickel hyperaccumulators can be categorized into ‘strict’ and ‘facultative’ 
hyperaccumulators. Strict hyperaccumulators are exclusively confined to ultramafic soil and all 
populations of the particular species are hyperaccumulators. However, species that are ‘facultative’ 
hyperaccumulators have populations on ultramafic soils that are Ni hyperaccumulators, and 
populations on other soils that are not. An example of a facultative Ni hyperaccumulator which 
occurs in Sabah is Rinorea bengalensis (Violaceae), that has Ni concentrations of 1000–17 750 
µg/g in the foliage of the species growing on ultramafic soils, and 1–300 µg/g in foliage of those 
examples collected from non-ultramafic soils (Reeves, 2003; Van der Ent et al., 2013). 
 
Hyperaccumulation is hypothesized to have evolved to interfere with other competing plant species 
(‘elemental allelopathy’), or to protect against insect herbivores (‘elementary herbivory defense’), 
although a variety of other explanations have also been suggested (Martens and Boyd 1994; Boyd 
and Jaffré, 2001). The first hypothesis suggests that hyperaccumulators increase Ni concentrations 
in the area around the plant base via the concentrations in leaf litter occurring as a result of leaf 
senescence and abscission which, as a result of the toxicity effects, might reduce growth 
performance and germination of competing plant species (Boyd and Martens, 1998). Given the 
inherent Ni-tolerance of such hyperaccumulators, this might also give advantage in survival (with 
less competition) to seedlings of the particular hyperaccumulator (mutualism). The second 
hypothesis suggests that high foliar Ni concentrations protect against insect herbivores. As a 
consequence, Ni hyperaccumulators suffer less damage as a result of insect herbivory, and hence 
have competitive advantages. Further refinements of this model led to the formulation of the 
‘Defensive Enhancement Hypothesis’, which proposes that after an initial defensive benefit 
resulting from relatively low initial foliar Ni concentrations, increased concentrations provided 
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increased plant fitness, and led to a step-wise increase in foliar Ni accumulation (Boyd, 2012). 
Furthermore, the ‘Joint Effects Hypothesis’ proposes that Ni accumulation in combination with 
organic chemicals (such as alkaloids) could have synergistic effects (Boyd, 2012). In the context of 
‘elementary herbivory defense’, foliar Ni accumulation has the distinct benefit of requiring limited 
energetic resources (although the uptake and transport physiology requires Ni complexing ligands 
such as citrate) because Ni is not produced but rather translocated from the soil and, contrary to 
organic molecules, Ni cannot be broken down or metabolised to avoid toxicity (Martens and Boyd, 
1994; Boyd and Martens, 1998). However, whereas the synthesis of organic toxic molecules by 
plants is relatively flexible in evolutionary terms, Ni accumulation is not (Cheruiyot et al., 2013). 
 
The ultramafic soils of the Malaysian state of Sabah on Borneo Island are extensive, occupying an 
area of about 3500 km2 (Proctor et al., 1988) and renowned for high species richness (Van der Ent 
unpublished). The objective of this study was to screen the flora of ultramafic outcrops in Sabah, 
principally Mount Kinabalu Park, for the occurrence of Ni hyperaccumulators. Further aims were to 
elucidate general phylogenetic patterns of Ni hyperaccumulation, habitat characteristics, overall 
plant-soil relationships and potential ecological interactions relating to herbivory and allelopathy. 
2. Materials and methods 
2.1 Study area and field collection 
 
As part of a study on the relationships between plant diversity and soil chemistry of ultramafic 
outcrops at Mount Kinabalu and Mount Tambuyukon in Sabah, Malaysia, plants were screened for 
nickel hyperaccumulators. During the fieldwork on the ultramafic soils in Mount Kinabalu Park 
(January 2011–September 2012), leaf samples were collected from all plants in plots (there were a 
total of 101 plots, ranging is size from 2000 m2 to 250 m2 and as many different plants as possible 
in the surrounding vegetation. In the field, the leaves were pressed against white test paper 
impregnated with the nickel-specific colorimetric-reagent dimethylglyoxime (‘DMG’). 
Approximately 5000 plant samples have been tested using this method. All samples that tested 
visually positive were re-collected (full-grown sun leaves, at least 2 m above the soil surface) by 
hand. Fresh plant leaves were put in paper bags to prevent decomposition before transport to the 
field station. Leaves were thoroughly washed with demineralised water to remove potential dust 
contamination and then dried at 70°C for five days in a drying oven, packed for transport to 
Australia and gamma irradiated at Steritech Pty. Ltd. in Brisbane following Australian Quarantine 
Regulations. Soil samples (20–30 cm from base of the plant, 10–20 cm deep) were collected for 
analysis. Leaf litter samples were collected by carefully collecting partly decomposed leaves from a 
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1 m2 area, ensuring that no mineral constituents were adhered to the collected material. In addition 
to new collections of potential hyperaccumulators in the family Phyllanthaceae (specifically in the 
genera Phyllanthus, Glochidion and Breynia) collected from the field, examples from existing 
herbarium specimens held at the Sabah Parks Herbarium (SNP) Herbarium were also sourced. For 
each species of interest (220 specimens across 41 species), 50–100 mg samples were obtained and 
the original collection data associated with the specimens was recorded. 
2.2 Chemical analyses of plant tissue samples 
 
Foliar samples were crushed and ground, and a 200 mg subsample was digested in 4 mL 
concentrated nitric acid (70%) and 1 mL hydrogen peroxide (30%) in a microwave oven. The digest 
was diluted to 40 mL with TDI water before analysis with ICP-AES (Varian Vista Pro II). 
Elemental analysis included Ni, Co, Cr, Cu, Zn, Mn, Fe, Mg, Ca, Na, K, S and P. The potential for 
foliar contamination with soil particulates is a major risk for accurate analyses of foliar elemental 
composition. This risk is highest to occur in samples of ground-herbs, and lesser for trees, but 
cannot be entirely avoided. Concomitantly high foliar concentrations of Fe, Cr and Mn are an 
indication for soil contamination as these elements are major constituents of ultramafic soils. Hence 
correlations between the indicator elements Cr and Fe in plants with plant Co and Cu are used to 
evaluate the potential occurrence of soil contamination. 
2.3 Chemical analyses of soil samples 
 
Soil samples (300 mg subsample) were digested using freshly prepared Aqua Regia (9 mL 70% 
nitric acid and 3 mL 37% hydrochloric acid per sample) in a digestion microwave for a 2-hour 
programme and diluted with TDI water to 45 mL before analysis. The method followed Rayment 
and Higginson (1992) method 17B1 and results in ‘pseudo-total’ elemental concentrations. Soil pH 
and electrical conductivity (EC) were measured in a 1:2.5 soil : water mixture. Exchangeable Ni, 
Co, Cr and Mn were extracted in 0.1 M Sr(NO3)2 at a soil : solution ratio of 1:4 (10 g : 40 mL) and 
2 hours shaking time. Phytoavailable Ni, Co, Cr and Mn were extracted with Diethylene triamine 
pentaacetic acid (DTPA) according to Lindsay and Norvell 1969, but with modifications from 
Bequer et al. (1995) (excluding TEA, buffered at pH 5.3). Another method for phytoavailable Ni, 
Co, Cr and Mn was also used, namely extraction with carboxylic acids (acetic, malic and citrate 
acid in molar ratio of 1:2:2 at 0.01 M) at a soil : solution ratio of 1:4 (10 g : 40 mL) and 2 hours 
shaking time. Exchangeable cations were extracted with silver-thiorea (Dohrmann, 2006) over 16 
hours. All soil extractions were undertaken in 50 mL PP centrifuge tubes. Soil samples were 
weighed using a four-decimal balance and weights recorded for correction of the precise weights in 
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the mass balance calculations. Samples were agitated for method-specific times using an end-over-
end shaker at 60 rpm and subsequently centrifuged (10 minutes at 4000 rpm). The resultant 
supernatant was collected in 10 mL PP tubes.  
All soil samples were analysed with ICP-AES (Varian Vista Pro II) for Ni, Co, Cu, Zn, Mn, Fe, 
Mg, Ca, Na, K, S and P. The ICP-AES instrument was calibrated using a six-point multi-element 
standard (Ni, Cu, Fe, Mg, Ca, K) prepared in each extraction solution. 
2.4 Statistical analysis 
 
The soil and plant chemistry data was analysed using the software package STATISTICA Version 
9.0 (StatSoft) and Excel for Mac version 2011 (Microsoft). 
3. Results 
3.1 Confirmation of Ni hyperaccumulator status and new discoveries 
 
All previously known Ni hyperaccumulators from Sabah were located during the current field 
explorations of this study and foliar analysis re-confirmed their Ni hyperaccumulation status. Of 
these, Phyllanthus balgooyi is a widespread shrub often dominating open habitats on mountain 
ridges and along riverbanks, such as occurs in the Mount Tawai Forest Reserve. The climber 
Psychotria cf. gracilis (here identified as P. sarmentosa complex) is a common understory species 
of open forests. In contrast, the medium-sized trees Rinorea bengalensis and R. javanica 
(Violaceae) are comparatively rare. Another widespread, but rare, species, Dichapetalum 
gelonioides subsp. sumatranum and subsp. pilosum, is a strong hyperaccumulator of zinc (Zn), but 
not of Ni on non-ultramafic soils, and vice versa on ultramafic soils. Finally, the large tree Shorea 
tenuiramulosa (Dipterocarpaceae) is endemic to Mount Silam, and the only dipterocarp known to 
hyperaccumulate Ni.  In Table 7.1, newly discovered and confirmed Ni hyperaccumulators from 
Sabah are listed with their highest foliar Ni values. The strongest Ni hyperaccumulators are 
Phyllanthus cf. securinegoides (23 253 µg/g) and Psychotria sarmentosa complex (24 180 µg/g), 
whereas Ptyssiglottis cf. fusca (1156 µg/g) and Bacaurea lanceolata (1451 µg/g) are the weak 
hyperaccumulators, only just reaching the threshold foliar concentration that defines a Ni 
hyperaccumulator. Of some potential concern is the knowledge that the Bacaurea-species are 
frequently harvested and eaten as a rainforest fruit tree. This is disconcerting in view of its Ni 
hyperaccumulation characteristic when growing on ultramafic soils, although fruits have not been 
analysed. 
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3.2 Habitats of nickel hyperaccumulators 
 
Nearly all Ni hyperaccumulators recorded in this region of Sabah grow in successional or open 
habitats, such as on natural landslides, burnt areas, along rivers and on the top of ridges. 
Furthermore, all Ni hyperaccumulators have been recorded from lowland areas up to the lower 
montane forest boundary, and no Ni hyperaccumulators have been recorded at altitudes >1200 m 
asl (despite extensive screening at higher altitudes). The growth forms of all known Ni 
hyperaccumulators in Sabah are small trees (Rinorea bengalensis up to a height of 23 m with a bole 
diameter of 58 cm is the largest) with Psychotria sarmentosa complex being the only exception (a 
ligneous climber). The six main habitat types in which nickel hyperaccumulators have been 
recorded in Sabah are: (1) open shrub on hill ridges; (2) riparian zone and open forest along rivers; 
(3) landslide areas on serpentinite soils; (4) disturbed areas in lowland forest; and (5) seepage zones 
below peridotite rock cliffs. Figure 7.1 shows some of the Ni hyperaccumulator species from Sabah 
studied here. Their habitats are described in more detail below. 
3.2.1 Open shrub on hill ridges 
 
The main site that falls in this category is located in Nalumad. Here, a lowland (400 m asl) hill near 
the Mekadou River has been burnt as a result of an uncontrolled forest fire in 2008. Prior to 
burning, the site had been logged and all major trees removed. At present the site has a short and 
open shrub community (1–3 m) dominated by pioneer non-accumulating species such as 
Macaranga kinabaluensis (Euphorbiaceae). In this habitat type the Ni hyperaccumulator 
Phyllanthus cf. securinegoides is common with others including Mischocarpus sundaicus, Rinorea 
javanica, Psychotria sarmentosa complex, Glochidion brunneum and Xylosma luzoniensis also 
present. The site is also the only known site for Cleistanthus sp. nov. The shrub Phyllanthus 
balgooyi, characteristically colonising rock crevices on the bare ridges, occurs in this habitat type at 
Nalumad and many other similar sites. Unusually, at nearby Bukit Hampuan, this species also 
grows as a tree up to 9 m tall (and a bole diameter of 20 cm) in an open lower montane forest. A not 
dissimilar habitat at Mount Silam is a site where Shorea tenuiramulosa occurs. 
3.2.2 Riparian zone and open forest along rivers 
 
The main sites in this category are those along the Bambangan River, the Wuluh River, the Bangau-
Bangau River and the Panataran River. Several Ni hyperaccumulators are associated with the 
riparian habitats at these sites: the tree Flacourtia kinabaluensis (Salicaceae) grows on the 
streambed, the shrub Phyllanthus balgooyi (Phyllanthaceae) grows inside the riverbed forming a 
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fringe, and the tree Glochidion rubrum (Phyllanthaceae) grows as a large tree on the alluvial clays. 
Besides the riparian habitat, a small valley near Bukit Hampuan has an open shrub community 
dominated by Ni hyperaccumulators, including the trees Kibara coriacea (Monimiaceae), Walsura 
pinnata (Melicaceae), Mischocarpus sundaicus, the shrubs Phyllanthus cf. securinegoides, 
Phyllanthus balgooyi and Xylosma luzoniensis, and the climber Psychotria sarmentosa complex. 
3.2.3 Landslide areas on serpentinite soils 
 
The vegetation on serpentinite rocks is characterised by the (non-accumulating) trees Ceuthostoma 
terminale or Gymnostoma nobile (Casurinaceae). Serpentinite outcrops are prone to landslides, and 
the pioneer vegetation in such habitats hosts Xylosma luzoniensis, Glochidion spp. and Psychotria 
sarmentosa complex (Rubiaceae). The main sites in this category are at the Wuluh and Panataran 
Rivers. 
3.2.4 Disturbed areas in lowland forest 
 
Open areas in lowland forest, such as at Serinsim, form the habitats of the tree Glochidion rubrum 
and G. sericeum (Phyllanthaceae) and the herb Ptyssiglottis cf. fusca (Acanthaceae). These species, 
together with Bacaurea lanceolata, are the only known hyperaccumulators in lowland forest. 
3.2.5 Seepage zones below peridotite rock cliffs 
 
Seepages zones below rock cliffs near Serinsim and at Bambangan form the habitat of several Ni 
hyperaccumulators. At Serinsim, where the peridotite cliff faces are up to 70–80 m, Phyllanthus 
balgooyi is a common shrub, whereas at the foot of the cliffs Rinorea bengalensis, R. javanica, 
Mischocarpus sundaicus (Sapindaceae) and Flacourtia kinabaluensis occur in localities where 
seepage water drains from the rock face. A similar habitat is found at Bambangan where Glochidion 
rubrum grows below the rock face in the seepage zone. 
3.3 Taxonomy and phylogeny of Ni hyperaccumulators 
 
The main families in which Ni hyperaccumulators occur in Sabah are the Phyllanthaceae, 
Rubiaceae, Salicaceae and the Violaceae. This conforms to the global trends for Ni 
hyperaccumulators, with these families also being the most important in other tropical hotspots for 
Ni hyperaccumulators, such as in New Caledonia and Cuba (Reeves, 2003). These families, except 
the Rubiaceae, are all in the Order Malpighiales (Angiosperm Clade Rosids). The records for 
Fabaceae, Monimiaceae and Sapindaceae are the first records for the respective families. The 
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genera Phyllanthus and Glochidion, in the very large family Phyllanthaceae (over 2000 species in 
60 genera), have the highest diversity in the Malesia and Australasian regions (Govaerts et al., 
2000; Kawakita, 2010). The genus Phyllanthus has over 800 species globally, with major centres of 
diversity in New Caledonia (113 spp.), Madagascar (63 spp.), Cuba (50 spp.) and Venezuela (58 
spp.) (Govaerts et al., 2000). Of the New Caledonian species, 14 are Ni hyperaccumulators (Kersten 
et al., 1979; Reeves, 2003) and of the Cuban species, 19 are Ni hyperaccumulators (Reeves, 2003). 
Approximately 12 species of this genus are known in Sabah and it is noteworthy that a high number 
of the newly discovered Ni hyperaccumulators also represent undescribed plant species. This 
mainly reflects the complex taxonomy of Phyllanthaceae sensu lato, which to date has not been 
revised in the ‘Tree Flora of Sabah and Sarawak’ (taxonomical revision for the region). It is further 
worth noting that the majority of Ni hyperaccumulating Phyllanthus and Glochidion species seem 
restricted to a single or a few ultramafic outcrops and are hence very rare. The exception is 
Phyllanthus balgooyi, which is widespread and locally common. However, the Phyllanthus 
balgooyi complex (synonyms: P. helmigii, P. buxifolius and P. lamprophyllus) is taxonomically not 
completely understood (Hoffman et al., 2003), and there might be several variants that warrant sub-
species status, based on their morphologies and the distinct ecological niches they occupy (e.g. 
riparian zones versus rock ridges). This species was first discovered as a Ni hyperaccumulator in 
the Philippines by Baker et al. (1992) as P. ‘palawanensis’ and subsequently described as a new 
species (P. balgooyi). Maximum foliar Ni was 16 230 µg/g in the Philippine material (Baker et al. 
1992), whereas in this Sabah study, the maximum Ni concentration recorded was 8606 µg/g. 
Extremely high phloem tissue Ni concentrations (up to 88 580 µg/g) are another characteristic of 
this species (Hoffman et al., 2003). Taxonomical difficulties also pertain to Phyllanthus cf. 
securinegoides (synonyms: Phyllanthus cf. gracilipes and P. urdanetensis), which is also part of a 
taxonomically difficult section in the genus. This species was first recorded as a Ni 
hyperaccumulator from historic collections made in Palawan and Mindanao in the Philippines of 
which herbarium samples were analysed by Baker et al. (1992). This species was not known from 
Sabah or the island of Borneo, until collections were made as part of this study. This species is 
extremely rare and appears to be restricted in Sabah to a narrow band of ultramafic outcrops 
stretching between Bukit Hampuan and Nalumad. The Philippine material accumulated up to 
34 750 µg/g Ni in foliage (Baker et al., 1992) whereas the maximum found in this Sabah study was 
23 253 µg/g. 
 
Since several new Ni hyperaccumulators in the family Phyllanthaceae (here restricted to 
Phyllanthus, Glochidion and Breynia) were discovered during the field sampling, it was possible 
that this family could have even more Ni hyperaccumulators. Therefore, 220 specimens covering 41 
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species were sampled from existing herbarium specimens held at the SNP Herbarium. Analytical 
results of the elemental analysis of plant species in the Phyllanthaceae occurring in Kinabalu Park 
are given in Table 7.2. Several more species of Phyllanthus and Glochidion were found to be Ni 
hyperaccumulators. The collection data confirmed that all of these had been collected from 
ultramafic soils. In addition, there was a propensity for the Phyllanthaceae to accumulate not only 
Ni, but also other trace elements such as Co, Cr, Mn and Zn. Co was accumulated to a significant 
level in Aporosa chalarocarpa (468 µg/g), while the Glochidion sericeum specimens contained 
442–1310 µg/g. One specimen of Baccaurea lanceolata was unusual in containing 179 µg/g Co, 
143 µg/g Cr, 1451 µg/g Ni and 1451 µg/g Zn. Mn concentrations were also relatively high, but 
varied widely. One species (Aporosa falcifera) appeared a Mn-hyperaccumulator with 13 499 µg/g 
Mn, as the threshold for Mn hyperaccumulation is 10 000 µg/g (Van der Ent et al., 2012). Aporosa 
chalarocarpa, Baccaurea lanceolata, Cleistanthus sp. 2, Glochidion arborescens, G. brunneum, G. 
lanceilimbum, G. mindorense, G. sericeum, Phyllanthus balgooyi, and P. cf. securinegoides are Ni 
hyperaccumulators, but almost all species collected from ultramafic soils have higher than normal 
Ni concentrations in their tissues. Species collected from non-ultramafic soils have unusually high 
Zn concentrations, such as Glochidion glomeratum (185 µg/g Zn) and Phyllanthus amarus (571 
µg/g Zn). The new Ni hyperaccumulation record for Cleistanthus sp. nov. also represents a new 
finding for the Phyllanthaceae family, and a strong Ni hyperaccumulator (up to 11 521 µg/g Ni). 
The relatively small family Dichapetalaceae, which is mainly distributed in Africa, has a few 
species in Southeast Asia of which subspecies of D. gelonioides are of particular interest with 
regards to metal accumulation. D. gelonioides subsp. tuberculatum and subsp. pilosum are strong Ni 
hyperaccumulators when occurring on ultramafic soils (up to 26 650 µg/g Ni), and strong Zn 
hyperaccumulators (up to 30 000 µg/g Zn) when occurring on non-ultramafic soils, whereas D. 
gelonioides subsp. sumatranum is a Zn hyperaccumulator (up to 15 660 µg/g), and does not 
accumulate Ni (Baker et al., 1992). In this research, only D. gelonioides subsp. pilosum was located 
and analysed. The specimens accumulated little Ni, but contained up to 4922 µg/g Zn, confirming 
the results of earlier studies. 
 
The Rubiaceae, and the genus Psychotria in particular, is well-represented globally with Ni 
hyperaccumulators including Psychotria douarrei from New Caledonia, P. grandis from Puerto 
Rico, P. clementis, P. costivenia, P. glomerata, P. osseana and P. vanhermanii from Cuba (Reeves 
et al., 1999; Reeves, 2003). In Sabah, Psychotria cf. gracilis (here termed P. sarmentosa complex) 
has previously been recorded by Reeves (2003). Samples of this species were collected from 
various locations during the current study and confirmed its status as one of the strongest known Ni 
hyperaccumulators in the region. The taxonomy of this species is, however, complex and probably 
  188 
comprises several closely-related species and sub-species. High, though sub-hyperaccumulator, 
levels of Ni also occur in other members of the Rubiaceae, including Timonius cf. eskerianus (500 
µg/g Ni). 
 
The record for Ptyssiglottis cf. fusca (Ni up to 1156 µg/g) in the Acanthaceae is interesting because 
another member of that family, Rostellularia adscendens var. hispida, was recorded in Queensland, 
Australia, with concentrations up to 2190 µg/g (Reeves, 2003), and Phidiasia lindavii from Cuba 
with concentrations up to 1853 µg/g (Reeves et al. 1999). The only Buxus species in Sabah, Buxus 
rolfei (Buxaceae) from a family with a large number of Ni hyperaccumulators in Cuba (17 Ni 
hyperaccumulators out of 30 species that occur in the country; Reeves et al., 1996), does not 
accumulate Ni. The Sapotaceae, that contains the famous Ni hyperaccumulator Sebertia acuminata 
(from New Caledonia and renowned for its green nickel-rich sap; Jaffré et al., 1976), and the Ni 
hyperaccumulator Planchonella oxyedra from Indonesia (Wither and Brooks, 1977), did not contain 
Ni hyperaccumulators in Sabah in the 18 species across five genera tested, with Planchonella sp. 
nov. from Nalumad being the highest with Ni concentrations of 160 µg/g. The record for Dalbergia 
beccarii recorded in this study with 2620 µg/g Ni is interesting, because another species in this 
genus (D. melanoxylon) and another member in this family (Pearsonia metallifera) are 
(hyper)accumulators for Ni in Zimbabwe (Cole, 1971; Reeves, 2003). The Ochnaceae has a Ni 
hyperaccumulator in Brackenridgea palustris (several subspecies) from Palawan and Sulawesi 
(Baker et al. 1992), and this species is also recorded from Sabah. The Clusiaceae contains Ni 
hyperaccumulators in Garcinia bakeriana, G. revoluta and G. ruscifolia from Cuba (Reeves et al., 
1999), but analysis in this study reveal no hyperaccumulators (29 species across five genera tested), 
the highest Ni concentrations being found in Mesua paniculata with 146 µg/g, Kayea macrantha 
with 125 µg/g, Callophyllum soulattri with 123 µg/g and Garcinia bancana with 105 µg/g Ni. 
Although Ni hyperaccumulators have been recorded in the Myrtaceae in Cuba and New Caledonia, 
no Ni hyperaccumulators were recorded in this family in this study, with the highest Ni 
concentrations being found in a specimen of Leptospermum recurvum with 140 µg/g, Syzygium cf. 
pterophera with 115 µg/g and Rhodamnia cinerea with 108 µg/g Ni. Finally, although the genus 
Chionanthus (Oleaceae) has yielded a Ni hyperaccumulator species (C. domingensis) from Cuba, 
the two species in that genus tested in this study contained <6 µg/g Ni.  
3.4 Soil chemistry and foliar concentrations in Ni hyperaccumulators 
 
The results of the analysis of the soil chemistry in the rhizosphere of 12 Ni hyperaccumulators are 
given in Tables 7.3 and 7.4. These soils are characterised by circum-neutral pH (mean pH 6.7), 
relatively high total (mean 2985 µg/g) and exchangeable Ca (mean 1417 µg/g), extremely high Mg 
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(mean 43 842 µg/g), and low exchangeable K (Table 7.3). Total Co (mean 387 µg/g), Cr (mean 
3205 µg/g) and Mn (mean 3946 µg/g) are also high (Table 7.3.). However, phytoavailable 
concentrations of these elements are rather low. Mean total soil Ni is high (1890 µg/g) and 
potentially phytoavailable Ni (mean 99, 127, 128 µg/g for Mehlich, DTPA and organic acid 
extractable Ni, respectively) are also high. Despite the fact that the soils originate from different 
localities and have wide ranging properties, extractable Ni concentrations are very similar (Table 
7.4).  
 
Foliar elemental concentrations in hyperaccumulators were compared with soil elemental 
concentrations (total and extractable/exchangeable) of the hyperaccumulator soils (of matched 
pairs). Table 7.4 shows summarised elemental concentrations in foliage and associated soils in a 
range of hyperaccumulators. On average, foliar Ni is three-times higher than soil Ni (but reaches 
factor of six-fold in Phyllanthus cf. securinegoides). While such a level of bio-magnification is 
impressive, it should be noted that hyperaccumulator plants (particularly trees) are long-lived and 
hence can slowly accumulate Ni from the soil into their biomass over an extended period of time.  
 
Correlations between foliar and soil concentrations (Pearson r with student-t-tests at significance 
level of either p = < 0.05 or p = < 0.01) were calculated. Working with native hyperaccumulators in 
New Caledonia, Lee et al. (1977) found a positive relationship between foliar Ni and extractable 
Mn and Ni in the soil. However, in this study only a weak (but significant) correlation was found 
between foliar Ni and total soil Ni (r = 0.20), and correlations between foliar and extractable soil Ni 
were even weaker. There are stronger correlations between foliar Ni and pH (r  = - 0.28) and foliar 
Ni and soil P (r = 0.47). Further correlations were recognised between foliar S and P and soil Mg (r 
= - 0.40 and - 0.27), foliar K and exchangeable Al, Ca and K (r = 0.32, 0.28 and 0.30, respectively) 
and foliar Al and pH (r = - 0.28). 
3.5 High-Ni leaf shedding and potential allelopathic effects 
 
The field survey showed that most Ni hyperaccumulators were locally abundant in particular 
locations, both in terms of numbers of individuals and numbers of (hyperaccumulator) species. This 
indicates preferential habitats on certain soil types, but the high relative density of 
hyperaccumulators could also potentially induce allelopathic effects. It has been shown that leaves 
shed by the New Caledonian Ni hyperaccumulator tree (Sebertia acuminata) increases the 
concentrations of Ni in the top soil directly under the canopy substantially (Boyd and Jaffré, 2001) 
potentially constituting an allelopathic system that could give the hyperaccumulator competitive 
advantages. In contrast, experimental work with a temperate Ni hyperaccumulator demonstrated 
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that leaf shedding did not inhibit germination or growth of competing plants (Zhang et al. 2006). 
Leaf litter samples collected at Nalumad under the canopies of Phyllanthus cf. securinegoides and 
Rinorea bengalensis are extremely high in Ni (665 and 2128 µg/g respectively) and exceed the 
concentrations in the sub-surface soil. It is to be expected, however, that co-occurring plant species 
are also highly Ni-tolerant. Nevertheless, the high leaf litter Ni could exert a selective force on 
some (generalist) plant species that could outcompete Ni hyperaccumulators. Furthermore, high Ni 
in the organic topsoil could have mutualistic effects on seedlings of both the Ni hyperaccumulator 
species that is the source of the leaf litter, and co-occurring Ni hyperaccumulator species. Indeed, 
high densities of seedlings of Rinorea bengalensis at Nalumad, and Phyllanthus balgooyi at Bukit 
Hampuan have been observed. In turn, this might not only have allelopathic effects, but Ni-loading 
in the topsoil could also benefit hyperaccumulator seedlings (mutualism) by having a ready supply 
of Ni to the shallow roots to aid herbivory protection, particularly important in young plants. These 
interactions might not explain why Ni hyperaccumulation has evolved, but are rather consequences 
of the immediate Ni hyperaccumulator environment. Leaf shedding might also act as a tolerance 
mechanism by translocation of Ni in abscised leaves (Martens and Boyd 1994). Although leaf litter 
Ni concentrations were as outlined earlier, it was generally still lower than samples from living 
(attached) leaves on the plant, hence it would be an inefficient process. It should be noted that leaf 
litter decomposes very rapidly under the conditions of intense rainfall and the tropical humid 
climate, and any contained Ni. Leached rapidly. 
3.6 Interaction of Ni hyperaccumulators with epiphytes 
 
The ecological relationship between epiphytes and hyperaccumulators is very poorly understood, 
although Boyd et al. (2009) found that epiphytes (bryophytes) growing on Ni hyperaccumulator 
hosts contained greater levels of Ni than those growing on non-hyperaccumulator hosts in New 
Caledonia. Even more so, they concluded that epiphyte Ni concentrations often exceeded Ni 
hyperaccumulation thresholds (Boyd et al., 2009). Although it should be noted that bryophytes have 
no active vascular system for Ni uptake and translation and hence the definition of 
‘hyperaccumulation’ should not apply to such non-vascular plants. Nevertheless, this seems to 
indicate that the suitability for epiphytes to grow on hyperaccumulators may depend on their 
capability to tolerate high Ni concentrations and this may in turn define the epiphyte community 
composition between Ni hyperaccumulator and non-hyperaccumulator hosts (Boyd et al., 2009). 
Most Ni hyperaccumulators are small shrubs and hence do not carry epiphytes, but an exception to 
this are some particularly large specimens of Phyllanthus balgooyi on Bukit Hampuan, where small 
ferns have colonised branches of these trees. Foliage of these ferns contained 251 µg/g Ni, whereas 
the bark of the host plant contained 358 µg/g Ni. This shows that the bark of some Ni 
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hyperaccumulators is a high-Ni environment and that epiphytes can indeed uptake Ni from the bark 
on which they grow. As such, there is some selective force to Ni-tolerance for epiphytes in 
Phyllanthus balgooyi, but it is unknown whether this might have potential beneficial effects for the 
epiphyte (‘enhanced herbivory protection’). 
3.7 Interaction of Ni hyperaccumulators with insect herbivores 
 
The ‘Elemental Herbivory Defense’ hypothesis (Boyd and Martens, 1998) suggests that high Ni-
loading in the leaves of Ni hyperaccumulators could result in reduced (insect) herbivory attack. 
However, field-observations at Mount Bloomfield, Palawan (Philippines), showed that Ni 
hyperaccumulators did not experience less herbivory (Proctor et al., 2000), and the Ni 
hyperaccumulator Shorea tenuiramulosa suffered as much foliar herbivory damage as ‘normal’ 
plant species growing in the area on Mount Silam in Sabah (Proctor et al., 1989). It should be noted, 
however, that this species achieves only relatively low Ni accumulation (351–1787 µg/g recorded in 
this study), and the extremely high concentrations in, for example Psychotria sarmentosa complex 
(up to 24 180 µg/g) and Phyllanthus cf. securinegoides (up to 23 253 µg/g) will undoubtedly exert a 
stronger toxicity effect on insect herbivores, although abundant insect herbivory damage to the Ni 
hyperaccumulators was commonly observed in this study. However, specialist insect herbivores 
may feed on Ni hyperaccumulators without negative effects, and one Geometric moth species 
(Erebidae: Erebinae tribe Poaphilini) has been found in this study to feed exclusively on the Ni 
hyperaccumulator Phyllanthus balgooyi (illustrated in Figure 7.2, top). Aphids have also been 
found feeding on Phyllanthus cf. securinegoides at Nalumad (also see Figure 7.2, bottom). The 
extremely high Ni concentrations in the tissues of these hyperaccumulators necessitate exceptional 
Ni-tolerance by these insects. If not tolerant, other strategies that could be employed by herbivore 
insects to avoid Ni toxicity include diet dilution (feeding on low-Ni plant parts in addition to high-
Ni plant parts), or avoidance (by selective feeding) (Martens and Boyd, 1994; Boyd and Martens, 
1998). Despite widespread insect herbivory damage to Ni hyperaccumulators, this does not rule out 
that Ni hyperaccumulation does offer some protection against generalist herbivores. 
4. Discussion 
 
Laboratory analysis with ICP-AES confirmed the indicative results achieved from the initial testing 
in the field with dimethylglyoxime (DMG). Field-testing with DMG paper therefore remains a 
reliable quick method for hyperaccumulator reconnaissance, although the method is fairly 
insensitive, and depends on Ni being present in an aqueous phase. Some plants, such as Shorea 
tenuiramulosa, did not react with DMG in the field, and only laboratory analysis showed significant 
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Ni accumulation. This intriguing example indicates the various biochemical forms in which Ni 
might be present in plants. Recent progress has been made with understanding Ni speciation in 
Alyssum ssp. (Tappero et al., 2007; McNear et al., 2010), and in some hyperaccumulators from New 
Caledonia, most notably Sebertia acuminata (Perrier et al., 2004; Callahan et al., 2008), providing 
evidence for the important role of carboxylic acids such as citrate in Ni complexation. The wide 
range of plant families and life forms involved in Ni hyperaccumulation suggests that various 
different physiologies, and hence Ni speciation, might be present in plants. Such differences in 
chemical bonding of Ni in plant tissues might also contribute to lower or higher toxicity to 
herbivores. 
 
Nickel hyperaccumulators in Sabah appear to prefer open, successional habitats, mainly on ridges, 
below rock faces and along rivers. These open, often bare ultramafic soils are difficult for most 
plant to colonize and make plants colonizing these habitats potentially susceptible to insect 
herbivores. The local abundance of Ni hyperaccumulators might indicate possible advances, 
including highly efficient nutrient sequestration, foliar toxicity to reduce insect herbivory 
(‘elementary herbivory defense’) and competitive advantages over other plant species (‘elemental 
allelopathy’). Elemental herbivory defenses could reduce insect attack by both deterrence and acute 
toxicity (Boyd and Martens, 1998). Recent experimental work by Cheruiyot et al. (2013) 
demonstrated that the minimum foliar lethal concentrations (MLC) for the tested generalist insect 
herbivore were far lower than the hyperaccumulation thresholds for Ni or Co (230 µg/g and 45 
µg/g, respectively). This suggests that moderate Co-accumulation (for example 202–265 µg/g Co in 
Glochidion spp. that do not reach Ni hyperaccumulation) could be as effective as herbivory-defense 
as nickel hyperaccumulation. Moreover, even moderate accumulation of Ni and Co, common in the 
ultramafic flora of Sabah, could have ecological implications. Step-wise evolution of the Ni 
hyperaccumulator trait, starting with relatively low foliar metal concentrations and associated 
selective advantage over other plants with normal foliar concentrations has been hypothesised to 
generate fitness advantages on which natural selection could then operate (Boyd, 2012). Increasing 
foliar Ni concentrations could result in a proportional increase in competitive fitness advantages by 
reduction of insect attack, leading to ever-greater foliar Ni concentrations (Cheruiyot et al. 2013). 
The question arising from this hypothesis is why some Ni hyperaccumulators reach very high Ni 
concentrations [for example, 23 253 µg/g in Phyllanthus cf. securinegoides or >100-fold higher 
than MLC for the generalist insect herbivore in Cheruiyot et al. 2013], which presumably comes at 
an energetic cost. The answer could lie in a biogeochemical ‘arms race’ with metal-tolerant insects 
(Boyd, 2004). Several highly Ni-tolerant insects have been discovered that feed on Ni 
hyperaccumulators: for example, the insects Melanotrichus boydi (Schwartz and Wall, 2001) and 
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Chrysolina pardalina (Mesjasz-Przybylowicz and Przybylowicz, 2001). Such specialised insects 
have co-evolved with Ni hyperaccumulators and adapted to increasing foliar Ni concentrations that 
are lethal for generalist insect herbivores. The field-observation of widespread herbivory damage on 
Ni hyperaccumulators in Sabah, and the local discovery of specialist-herbivores suggest that highly 
Ni-tolerant insects are perhaps a relatively common feature in the ultramafic flora of Sabah. Though 
in order to test the hypothesis that hyperaccumulation evolved as a herbivory-defense mechanism, 
controlled tests are needed in which herbivory-damage between two closely related species (a Ni 
hyperaccumulator and a non-hyperaccumulator) is carefully compared. Apart from scientific 
interest in the co-evolution of Ni hyperaccumulator plants and specialist insects, this could have 
economic consequences, because as indicated by Boyd (1998), potential future sites for 
phytomining might already harbour specialist Ni-tolerant herbivores that could pose a threat to the 
phytomining crop. Moreover, metal transfer over trophic levels could have ecosystem health 
implications. As such either mammals (such as cattle) or invertebrates (such as insects) feeding on 
high-nickel plants could be exposed to Ni (Peterson et al. 2003; Miranda et al. 2009).  
 
On a global scale, Ni hyperaccumulation occurs in approximately 400 species (about 40 families). 
This widespread phylogenetic occurrence of Ni hyperaccumulation indicates that the trait has 
independently evolved multiple times (Pollard, 2000; Krämer, 2010). Globally, 30% of the Ni 
hyperaccumulators (and 83% of those in New Caledonia) belong to the COM-clade (Orders 
Celastrales, Oxalidales, Malpighiales) of the Rosids (Jaffré et al., 2013). In Sabah, Ni 
hyperaccumulation occurs most frequently in the Order Malpighiales (mainly the families 
Dichapetalaceae, Phyllanthaceae, Salicaceae, Violaceae), and is particularly common in the 
Phyllanthaceae (genera Phyllanthus, Glochidion). The genus Phyllanthus has most Ni 
hyperaccumulators worldwide, and is well represented in Sabah. In this genus, hybridization and 
introgression could be responsible for the frequent occurrence of the Ni hyperaccumulation trait, as 
virtually all species in this genus occurring on ultramafic soils are Ni hyperaccumulators. Not 
infrequently, several Phyllanthus spp. co-occur in the same habitat. In this respect, the observation 
that certain Phyllanthus-hybrids, for example P. x pallidus (P. discolor x orbicularis) from Cuba 
(Reeves et al., 1996) reach Ni hyperaccumulation far in excess of the parental species, and hence 
have potentially greater fitness advantages, suggests evolutionary pressure in favour of Ni 
hyperaccumulation.  
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5. Conclusion 
 
With only approximately 10% of the ultramafic flora of Sabah screened, it is expected that more Ni 
hyperaccumulators will be recorded in the near future, particularly in the order Malpighiales. The 
restriction of hyperaccumulators to ultramafic-derived soils, which can be potential mining targets, 
means that most species are both rare and threatened (Baker et al., 2010). Historically, the result has 
been the mining-related destruction of hyperaccumulator habitats and subsequent biodiversity loss, 
particularly on Ni mining targets on ultramafics. The basic knowledge crucial to success of this 
approach includes systematic screening and cataloguing of hyperaccumulators and other plants 
native to ultramafic ecosystems prior to mining activities. Screening would also support strategies 
aimed at the preservation of hyperaccumulator germplasm, which is especially critical for local 
ecotype populations possessing enhanced hyperaccumulation traits. Unfortunately such screening is 
not part of any Environmental Impact Assessments (EIA), and no examples could be found of 
active conservation efforts targeted at hyperaccumulator plants. However, the recent establishment 
of the ‘Hyperaccumulator Botanical Garden’ in Sabah, under the auspices of Sabah Parks, serves as 
an example of ex-situ preservation of hyperaccumulator germ plasm. Such preservation is essential 
if Ni hyperaccumulator species (and ecotype populations) are to be utilised in potential future Ni 
phytomining operations, aimed at growing such plants at agricultural scale to harvest Ni bio-ore 
(Van der Ent et al., 2013). 
 
Despite the richness of the ultramafic flora, very few studies have focussed on the occurrence of 
metal hyperaccumulators in this region. As such, many important questions remain unanswered: for 
example, how Ni hyperaccumulators have evolved and whether this trait can be induced in 
facultative Ni hyperaccumulators such as Rinorea bengalensis by exposure to ultramafic soil? The 
richness not only in plant species, but also in insects, and the observation of Ni-tolerant insects, 
indicates potentially rewarding avenues for future scientific research in Sabah. 
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Figure 7.1. Nickel hyperaccumulator species from Sabah studied in the present study. 
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Figure 7.2. Geometric moth (Erebidae: Erebinae tribe Poaphilini) feeding on the leaves of the Ni 
hyperaccumulator Phyllanthus balgooyi (top) and aphids, with ants, feeding on Phyllanthus 
securinegoides (bottom). 
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Table 7.1. New and confirmed nickel hyperaccumulators from Sabah, Malaysia.  
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Table 7.2. Elemental concentrations (Co, Cr, Mn, Ni and Zn) in Phyllanthaceae (µg/g). Results are 
from micro-wave assisted digestion with HNO3 and H2O2.  
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Table 7.3. Main soil chemistry parameters (µg/g) in the rooting zone (major cations). 
Abbreviations: 'pseudo-total' is microwave-assisted digestion with HNO3 and HCl, and 'exch.' is 
exchangeable with silver-thiorea. Main soil chemistry parameters (µg/g) in the rooting zone (trace 
elements). 'Pseudo-total' is microwave-assisted digestion with HNO3 and HCl.  
Species n
Cleistanthus sp. nov. 3 6.4 - 7.0 6.7 250 - 507 357 1152 - 6991 3164 1813 - 4499 2923
Flacourtia kinabaluensis 2 7.3 - 7.4 7.3 98 - 113 106 5312 - 6106 5709 225 - 306 266
Glochidion undet. 15 6.1 - 7.9 6.8 47 - 276 137 85 - 8053 3025 86 - 1935 579
Kibara corecious 1 5.8 89 345 154
Mischocarpus sundaicus 2 6.6 - 6.9 6.8 135 - 273 204 998 - 1272 2270 186 - 1530 858
Phyllanthus balgooyi 13 6.2 - 7.3 6.7 34 - 533 209 178 - 7769 2056 80 - 3316 775
Phyllanthus cf. 
securinegoides
9 5.6 - 7.3 6.6 87 - 359 212 90 - 7715 3745 450 - 4435 1596
Psychotria sarmentosa 
complex
5 5.9 - 7.2 6.6 44 - 248 129 177 - 1048 385 207 - 1477 653
Rinorea bengalensis 6 6.6 - 7.6 7.1 40 - 632 224 63 - 9242 2821 358 - 3458 1327
Rinorea javanica 3 6.5 - 6.8 6.7 217 - 408 283 616 - 8075 4671 2149 - 4197 2910
Walsura pinnata 3 6.2 - 6.9 6.6 93 - 233 176 2082 - 5695 3395 341 - 2237 1374
Xylosma luzoniensis 3 6.5 - 7.4 6.9 136 - 588 332 1533 - 5885 3512 1100 - 6946 3585
Species n
Cleistanthus sp. nov. 3 24140 - 40902 30903 1713 - 2834 2250 102 - 228 153 20 - 182 76
Flacourtia kinabaluensis 2 24051 - 28306 26178 1156 - 2316 1736 16 - 50 33 91 - 111 101
Glochidion undet. 15 7495 - 39682 20148 128 - 6179 2186 19 - 77 38 35 - 182 80
Kibara corecious 1 98780 305 36 142
Mischocarpus sundaicus 2 35748 - 39423 37585 2882 - 5196 4039 72 - 85 79 75 - 75 75
Phyllanthus balgooyi 13 2339 - 135299 73333 195 - 4776 2054 16 - 100 43 45 - 245 111
Phyllanthus cf. 
securinegoides
9 33254 - 147083 75636 507 - 6116 2732 17 - 204 67 44 - 585 197
Psychotria sarmentosa 
complex
5 2888 - 132923 36693 57 - 2304 913 22 - 52 32 59 - 279 152
Rinorea bengalensis 6 1965 - 53940 24462 708 - 4791 2188 21 - 307 123 45 - 536 202
Rinorea javanica 3 8112 - 53234 33139 1705 - 3356 2319 63 - 108 83 85 - 185 137
Walsura pinnata 3 21647 - 28346 24736 675 - 2064 1522 35 - 71 50 31 - 109 72
Xylosma luzoniensis 3 37776 - 48436 44516 1623 - 2416 1905 43 - 264 144 47 - 132 86
Species n
Cleistanthus sp. nov. 3 122 - 671 369 13 - 45 25 1933 - 4475 3241 2749 - 6100 3899
Flacourtia kinabaluensis 2 99 - 140 119 1 - 6 4 2320 - 3586 2953 2653 - 3140 2896
Glochidion undet. 15 102 - 975 336 1 - 46 13 1738 - 8525 3270 969 - 4636 2400
Kibara corecious 1 871 30 553 1751
Mischocarpus sundaicus 2 138 - 362 250 3 - 26 14 626 - 692 659 2996 - 6254 4625
Phyllanthus balgooyi 13 35 - 935 368 2 - 68 24 415 - 10094 2384 1267 - 6027 2135
Phyllanthus cf. 
securinegoides
9 235 - 711 427 5 - 24 15 1242 - 6045 3080 1427 - 6459 3013
Psychotria sarmentosa 
complex
5 153 - 600 326 5 - 49 17 2438 - 11555 6969 2288 - 16121 7802
Rinorea bengalensis 6 208 - 688 354 4 - 24 11 1921 - 10978 4713 2204 - 7326 4058
Rinorea javanica 3 121 - 695 342 6 - 22 14 3169 - 7085 4797 2802 - 12313 8172
Walsura pinnata 3 241 - 830 464 10 - 15 12 1672 - 2842 2446 1225 - 3137 2178
Xylosma luzoniensis 3 256 - 663 413 1 - 22 8 2491 - 4220 3402 2865 - 6757 4420
Co total Co DTPA Cr pseudo-total Mn pseudo-total
pH EC Ca pseudo-total Ca exch.
Mg pseudo-total Mg exch. K exch. P pseudo-total
  205 
 
Table 7.4. Ni concentrations in soil (µg/g) in the rooting zone. Abbreviations: 'pseudo-total' Ni is 
microwave-assisted digestion with HNO3 and HCl, ‘CA’ is carboxylic acid extractable Ni, ‘ML-3 
Ni’ is Mehlich-3 extractable Ni, ‘Sr(NO3)2 Ni’ is dilute strontium nitrate extractable Ni and ‘DTPA 
Ni.' is DTPA-solution extractable Ni. Foliar concentrations are from micro-wave assisted digestion 
with HNO3 and H2O2  
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Abstract 
 
Recent studies by the authors identified 24 Ni hyperaccumulator plant species in and near Kinabalu 
Park, in Sabah (Malaysia). Foliar Ni concentrations of some of these species are among the highest 
recorded globally, accumulating up to 2.4% on a leaf dry weight basis in Psychotria sarmentosa 
complex, and 16.9% in the phloem sap of Phyllanthus balgooyi. The criterion for 
‘hyperaccumulator status’ is based on the foliar concentration (Ni >1000 µg/g), while the 
concentrations of Ni in other plant tissues, and the concentrations of other elements, is not regularly 
reported in species. Furthermore, few studies report on the natural variation in the metal (Ni) 
accumulation in populations of hyperaccumulators (but for an example, see Pope et al. 2013). In 
this study, multiple elements were analysed in a range of different plant tissues and transport fluids 
(leaves, wood, bark, flowers, seeds, phloem and xylem sap) from Ni hyperaccumulator species 
collected from a range of different populations. These results show preferential accumulation of Ni 
in green shoots and leaves, but relatively low concentrations in wood and bark. Highest 
concentrations were found in the phloem tissue, which appeared to act as a ‘Ni-sink’ and it is 
hypothesized that Ni could be re-distributed from the phloem to emerging shoots, and potentially 
contributing to insect herbivory protection. An understanding of multi-element concentrations in 
different plant tissues in Ni hyperaccumulators is important as, among other reasons, if there was to 
be a selection of those species that have the highest Ni concentrations in harvestable biomass for the 
purpose of exploring options for creating ‘bio-ore’ (the ash derived from hyperaccumulator 
biomass), low concentrations of other elements (Ca, Mg, K, P, S) could be a desirable trait in order 
to minimise ‘contamination’ of the ‘ore’ with unwanted elements. Concomitantly with Ni 
accumulation, concentrations of Ca are extremely high in most Ni hyperaccumulators examined 
from this region, a characteristic which could have consequences for the economic viability of Ni 
extraction from bio ore as it severely complicated purification. Finally, the results indicate 
significant variation in Ni accumulation characteristics, both in plant tissues and amongst 
populations, which should be taken into account when making decisions about selecting accessions 
for potential as phytomining ‘crops’. 
 
Keywords: bio-ore, chemical fingerprinting, phloem sap, phytomining. 
1. Introduction 
 
Nickel (Ni) hyperaccumulators are plants with the ecophysiological capacity to uptake and 
accumulate Ni from the soil with the nominal threshold for the definition set at 1000 µg/g foliar Ni 
  208 
(Van der Ent et al., 2012). The first Ni hyperaccumulator to be discovered was the herb Alyssum 
bertolonii in Italy (Minguzzi and Vergnano, 1948), but research focus intensified with the discovery 
that the phloem sap of Sebertia acuminata from New Caledonia contained 25% Ni (Jaffré, et al. 
1976). Currently, two global loci for Ni hyperaccumulators are recognised: (1) the Mediterranean 
Region, mainly pertaining to the genus Alyssum (Brassicaceae), and (2) the tropical ultramafic 
outcrops in Cuba, New Caledonia and SE Asia, where hyperaccumulators have been discovered in a 
large number of different families. All Ni hyperaccumulators (currently numbering approximately 
400 globally) are restricted to ultramafic soils that are naturally enriched in Ni and other metals 
(Brooks, 1987; Reeves, 2003). Ni hyperaccumulators can potentially be used in phytomining, and 
environmentally sustainable ‘green’ technology to produce Ni metal (Chaney, 1983; 1998), 
provided it is undertaken as part of progressive rehabilitation of minerals wastes after conventional 
nickel mining activities (Van der Ent et al. 2013). In a phytomining operation, hyperaccumulators 
are grown on Ni-rich ultramafic soils, followed by harvesting and incineration of the biomass to 
generate a commercial high-grade bio-ore (Brooks et al., 1998; Anderson et al., 1999). Successful 
phytomining (scientific) demonstrations took place in the US, New Zealand and Italy (Nicks and 
Chambers, 1995; Robinson et al., 1997a, b). However, in tropical regions, such as the extensive 
ultramafic outcrops in Southeast Asia, there is an as yet undeveloped great potential for successful 
phytomining operations for several reasons including (1) the presence of some of the world’s 
largest surface exposes of ultramafic bedrock; (2) the presence of extensive lateritic Ni mining 
operations creating post-mined land requiring effective rehabilitation; and (3) the occurrence of 
native Ni hyperaccumulator resources (Van der Ent et al., 2013). When screening for the optimal 
‘phytomining crop’, both high biomass yields and high metal hyperaccumulation capacities are 
required to make phytomining efficient and commercially viable (Angle et al., 2001; Chaney et al., 
2007). This presents an incentive for wide-range screening of native floras for candidate Ni 
hyperaccumulator species. Although most ultramafic regoliths in Sabah have relatively low Ni 
concentrations compared to those in Palawan (The Philippines) and Sulawesi (Indonesia) (Van der 
Ent et al., 2013), Sabah is exceptionally rich in plant species with over 8000 species recorded to 
date (Van der Ent et al., submitted) As such, this region presents rich genetic resources for the 
potential discovery of Ni hyperaccumulator species and recent work (Van der Ent, submitted) 
identified 24 new Ni hyperaccumulators in and near Kinabalu Park, in Sabah (Malaysia). Although 
this establishes Sabah as a major locus of global Ni hyperaccumulator diversity, it probably 
represents only a fraction of the total number of Ni hyperaccumulators in the region, as much of the 
flora has yet to be screened for such a characteristic.  
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Globally, the multi-element data of the foliar concentrations in different plant tissues in tropical Ni 
hyperaccumulator species is scant. Therefore, the objective of this study was to present multi-
element concentrations in different plant tissues of a range of Ni hyperaccumulator species 
collected from different natural populations in and near Kinabalu Park in Sabah. This information is 
aimed at providing insights into elemental sequestration in Ni hyperaccumulators, and could inform 
the selection of Ni hyperaccumulators to be evaluated in future Ni phytomining trials. 
2. Materials and methods 
2.1 Study area and field collection 
 
Plant samples (leaves, bark, wood, phloem, xylem, flowers, seed) were collected from 24 Ni 
hyperaccumulator species previously identified (Van der Ent et al. submitted) from in and near 
Kinabalu Park. Foliar samples were collected from mature sun-leaves and placed in paper bags to 
prevent decomposition before transport to the field station. The foliar samples were then thoroughly 
washed with demineralised water to remove any potential dust contamination and dried at 70°C for 
five days in a drying oven. Bark and wood samples were also collected from the stems of 
hyperaccumulator plants by excising these parts with a sharp stainless steel surgical knife, whereas 
phloem samples were collected by stripping sections from beneath the bark. Bark and wood tissue 
samples were packed separately and also dried at 70°C for five days. Phloem sap was collected with 
glass capillary tubes (0.2 mm diameter, 50 mm long), whereas xylem sap was collected with a 
handheld vacuum pump from excised branches. Phloem, phloem sap and xylem sap were all freeze-
dried after collection at - 50°C for 8 hours, and reconstituted with 0.1M nitric acid before analysis. 
Finally, all samples were packed for transport to Australia and gamma irradiated at Steritech Pty. 
Ltd. in Brisbane following Australian Quarantine Regulations. 
2.2 Chemical analyses of plant tissue samples 
 
Foliar and plant tissue samples were crushed and ground, and a 200 mg subsample digested using 4 
mL concentrated nitric acid (70%) and 1 mL hydrogen peroxide (30%) in a microwave oven, and 
diluted to 30 mL with TDI water. The samples were then analysed on ICP-AES (for macro-element 
and trace elements) and ICP-MS (for ultra-trace elements). Elements measured included Ni, Co, Cr, 
Cu, Zn, Mn, Fe, Mg, Ca, Na, K, S and P. 
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2.3 Statistical analysis 
 
The data were analysed using the software package STATISTICA Version 9.0 (StatSoft) and Excel 
for Mac version 2011 (Microsoft). 
3. Results 
3.1 Multi-element foliar chemistry of Ni hyperaccumulators 
 
The results of foliar multi-elemental analysis are given in Tables 8.1 and 8.2. Concentrations of 
aluminium (Al) in Aporosa chalarocarpa (25 899 µg/g) and Bacaurea lanceolata (18 389 µg/g) far 
exceeded hyperaccumulation thresholds for this metal (1000 µg/g) while just reaching the Ni 
hyperaccumulator threshold value. The mean Al concentration of all species was 322 ± 136 µg/g. 
Concentrations of calcium (Ca) were uniformly high (mean 5634 ± 223 µg/g), with highest 
concentrations in Ptyssiglottis cf. fusca (33 235 µg/g), also a Ni hyperaccumulator. Magnesium 
(Mg), potassium (K) and sodium (Na) concentrations were also high (mean 3854 ± 195 µg/g, 409 ± 
33 and 4734 ± 200 µg/g, respectively), with the highest concentrations of Mg in Bacaurea 
lanceolata (26 654 µg/g), also a strong hyperaccumulator of Al, and the highest K concentrations 
were in Cleistanthus sp. nov. (14 042 µg/g). Phosphorus concentrations in all Ni hyperaccumulators 
show a much narrower range (505 ± 16 µg/g). A similarly narrow range is for sulphur with a mean 
of 1341 ± 36 µg/g. None of the Ni hyperaccumulators hyperaccumulate Mn (>10 000 µg/g) 
although Psychotria sarmentosa complex had a measured concentration of 6085 µg/g Mn. Across 
all the Ni hyperaccumulators sampled, the mean Mn concentration was 273 ± 25 µg/g. Iron (Fe) 
concentrations were relatively low (mean 116 µg/g ± 11). Concentrations of copper were also low 
(mean 6 ± 1 µg/g), apart from one anomalous specimen of Mischocarpus sundaicus that contained 
270 µg/g Cu, thereby exceeding the hyperaccumulator threshold (300 µg/g). However, as Van der 
Ent et al. (2012) have pointed put, one should not categorise such marginal cases a 
hyperaccumulator of a metal, but rather consider the natural range in a species (in this case, the 
mean Cu in Mischocarpus sundaicus, excluding the anomalous value, was 5.95 ± 0.8 µg/g). 
 
The Ni hyperaccumulator Psychotria sarmentosa complex was fairly distinct by having very high 
foliar chromium (Cr) concentrations (specimen maximum 374 µg/g and a mean of 127 µg/g). One 
specimen of Kibara coreacious also contained 255 µg/g foliar Cr. In both cases, this was unlikely to 
be the result of contamination with soil particles, because Fe concentrations (indicative of soil 
contamination) were low. Although the highest values exceed that of the hyperaccumulation 
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threshold for this metal (250 µg/g), the same caution as for the case of Cu applies. Two species 
exceeded the hyperaccumulator threshold for cobalt (300 µg/g as defined in Van der Ent et al., 
2012) (Co), namely Aporosa chalarocarpa (468 µg/g) and Glochidion sericeum (1311 µg/g). Of 
these two, Glochidion sericeum appeared a genuine Co hyperaccumulator, as all seven specimens 
were above the hyperaccumulator threshold (mean 876 ± 128 µg/g). This medium large tree (20 m) 
grows in lowland tall Dipterocarp forest on deep laterite ultramafic soils (Van der Ent et al., 
submitted). The behaviour of this species might be explained by local soil conditions promoting the 
release of Co from Mn oxides by reduction (as evidenced from concomitant high foliar Mn 
concentrations). Co hyperaccumulation on ultramafic soils is exceptionally rare, as foliar Co 
concentrations of plants from ultramafic soils are normally very low (mean of 5 µg/g in Van der Ent 
et al. in prep.) and even in (Ni) hyperaccumulator species (this study) the overall mean was only 54 
± 9 µg/g). The low foliar Co concentrations might be explained by both low Co phytoavailability in 
the soils and because Ni is often present in concentrations 10-fold greater than those of Co, thereby 
inhibiting Co uptake (Malik et al., 2000). Figure 8.1 shows that foliar Co and Ni in Glochidion 
sericeum, Rinorea bengalensis and Flacourtia kinabaluensis are significantly (p = <0.01) 
correlated. The Co hyperaccumulator Glochidion sericeum accumulates relatively low amounts of 
Ni, but the slope of the relationship is similar between this species, and Rinorea bengalensis and 
Flacourtia kinabaluensis. This is suggestive of similar ecophysiological transport mechanisms for 
both metals. 
 
An unusual example, not from ultramafic soils, is the Co accumulation of 530–845 µg/g in Nyssa 
sylvatica in the US (Kubota et al., 1960; Brooks et al., 1977; Robinson et al., 1999). Another 
species in this genus (Nyssa javanica) occurs in Sabah near Kinabalu Park (not on ultramafic soils), 
and although no analytical results are available for local specimens, analysis of herbarium 
specimens of this species by Brooks et al. (1977) yielded only a maximum of 16 µg/g of Co in the 
foliage. Finally, there are also two examples of Phyllanthus species from Cuba and New Guinea 
(with Co values of 1140 and 200 µg/g, respectively) (Reeves, 2003; 2006), both from ultramafic 
soils. 
 
Inter-correlations (Pearson r student t-test) between foliar elements, for all Ni hyperaccumulators 
grouped together were calculated. Correlations occur between Al and Mg (r = 0.27), Ca and S (r = 
0.38), Co and Mn (r = 0.69), Cr and Mn (r = 0.32), K and P (r = 0.35) and Ni and S (r = 0.46). 
Brooks and Wither (1977) found an inverse relationship between Ca and Ni (r = - 0.53) in the 
foliage of Rinorea bengalensis. However, the results here show that foliar Ca and Ni in Phyllanthus 
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cf. securinegoides and Rinorea bengalensis are significantly (p = < 0.01) positively correlated (r = 
0.77 and 0.63 respectively) correlated (see Figure 8.2). 
3.2 Multi-element foliar chemistry of plant parts 
 
There are only a few reports of the Ni content of flowers and seeds/fruits of Ni hyperaccumulators 
in the scientific literature. Alyssum murale seeds contained a mean of 13 100 µg/g Ni whereas the 
flowers contained a mean of 16 000 µg/g Ni (Barbaroux et al., 2011). Other literature indicates 
Psychotria douarrei flowers contained 24 000 µg/g Ni and the fruits up to 28 000 µg/g Ni (Jaffré 
and Schmid, 1974), Streptanthus polygaloides flowers contained 16 400 µg/g Ni, and the fruits 
5230 µg/g Ni (Reeves et al., 1981), Stackhousia tryonii flowers contained 8400 µg/g Ni (Batianoff 
et al., 1990), and the fruit of Sebertia acuminata contained 3000 µg/g Ni (Jaffré et al., 1976). The 
Ni concentrations in flowers, seeds and seed capsules of this study are given in Table 8.3. 
Compared with values from other Ni hyperaccumulators reported in the literature, the flowers of P. 
securinegoides were very high in Ni (5556 µg/g). Concentrations in the seeds were also high at 
17 571 µg/g Ni, whereas the seed capsule contained 2267 µg/g Ni. Such high concentrations in the 
seeds could supply the seedling with ample available Ni, and hence potentially critically aid in 
herbivory protection during the first stages of development, before a rooting system has sufficiently 
developed to sequester Ni from the soil.  
 
As in the situation with flowers and seeds/fruits, Ni concentrations in other plant parts such as the 
bark and wood, have only been reported for a few Ni hyperaccumulators to date: Sebertia 
acuminata contained 24 500 µg/g (bark) and 1700 µg/g (wood) Ni (Jaffré et al., 1976), Hybanthus 
floribundus contained 1700 µg/g (bark) and 1500 µg/g (wood) Ni (Severne, 1972), and Psychotria 
douarrei 52 400 µg/g (bark) and 2300 µg/g (wood) Ni (Jaffré and Schmid, 1974). Compared with 
these values, the wood and bark of most Ni hyperaccumulators from Sabah have relatively low Ni 
concentrations with overall means for all Ni hyperaccumulators of 441 and 1956 µg/g Ni in the 
wood and bark, respectively. An exception is the bark Phyllanthus cf. securinegoides that contained 
up to 6822 µg/g Ni. However, the very thin phloem (rich in Ni) underneath the bark is the probable 
cause of this very high value. The Ni concentrations in twigs, wood, bark, xylem and phloem are 
given in Table 8.4. 
3.3 Nickel contained in large hyperaccumulator trees 
 
Rinorea bengalensis is one of the largest Ni hyperaccumulators in terms of tree height and biomass. 
The amount of nickel contained in a single large specimen (23 m tall, DBH 58 cm) was calculated, 
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by analysing Ni in the wood (0.11%), branches (0.74%) and leaves (0.98%). The mean of 5 samples 
was used for each fraction and calculated dry biomass amounts using empirical allometric 
relationship reported (Yamakura et al., 1986) for a tropical lowland dipterocarp forest in Borneo: 
 
Stem weight = 0.02903(dbh2height)0.9813 
 
Branches weight = 0.1192stemweight1.059 
Leaves weight = 0.09146(stem weight + branches weight)0.7266 
 (all weights are in kg, dbh (= diameter at breast height) in cm, and height in m). 
 
For Rinorea bengalensis this yielded: stem (1820 kg, 2.00 kg Ni), branches (338 kg, 2.53 kg Ni), 
and leaves (24 kg, 0.24 kg Ni), resulting in a total Ni content of the tree of 4.77 kg. This figure 
contrasts with the 37 kg estimated for Sebertia acuminata by Sagner et al. (1998) calculated from a 
height of 15 m and total estimated biomass of 1980 kg. This means that the overall biomass would 
have had to contain 1.86 % Ni. This value appears too high when considering that Jaffré et al., 
1976) cites Ni concentrations of wood (0.17%), leaves (1.17%) and branches (unknown, but likely 
between the values for wood 0.17%, and for twig bark 1.12%). The largest dbh for Sebertia 
acuminata was recorded at 69 cm (Boyd and Jaffré, 2001), and using that value, and a height of 15 
m (from Sagner et al. 1998) and 0.65% Ni for branches results in: stem (1682 kg, 2.86 kg Ni), 
branches (311 kg, 2.02 kg Ni), and leaves (23 kg, 0.27 kg Ni) resulting in a total Ni content of the 
tree of 5.15 kg. The procedure was repeated with allometric equations for hardwoods by Harris et 
al. (1973), which yielded similar results at a total of 4.63 kg Ni (Rinorea bengalensis) and 7.94 kg 
Ni (Sebertia acuminata) for both trees. It should be noted that these species have very high Ni in the 
phloem tissue and sap (2.3% in phloem tissue and 25.7% in phloem sap for Rinorea bengalensis 
and Sebertia acuminata respectively), and hence would represent an additional amount of Ni 
unaccounted for in the calculations, but this is unlikely to amount to more than a few kilograms. 
3.4 Multi-element foliar chemistry of transport fluids 
 
The xylem transports mineral elements from the roots to the shoot and photosynthetic organs 
(leaves), and therefore in Ni hyperaccumulators, should contain significant concentrations of Ni, 
besides other essential elements such as Ca, K, Mg and P. The xylem Ni concentration has been 
reported in Alyssum spp. as 176 µg/mL in plants grown hydroponically (Centofanti et al., 2013), 
and 55.8 µg/mL in plants growing in the natural habitat (Alves et al., 2011). The two highest Ni 
concentrations in the xylem fluid in this study are in Phyllanthus balgooyi and Psychotria 
sarmentosa complex, which contain 76.4 and 49 µg/mL Ni, respectively (Table 8.4). 
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Concentrations of other elements in the xylem sap of these two species are: 1.3/0.02 µg/g Co, 
25.9/32.7 µg/g, Ca, 52.2/51.5 µg/g K, and 4.0/13.1 µg/g Mg (Phyllanthus balgooyi/Psychotria 
sarmentosa complex, respectively). As such, the most abundant ion in the xylem fluids of these 
species is Ni, although Ca concentrations are similarly high. 
 
Despite very scant information of the elemental concentrations in phloem tissue and sap of Ni 
hyperaccumulators, a few intriguing examples are known. The most famous of these is Sebertia 
acuminata of which a single value of 25.7% Ni in the phloem sap (‘latex’) was reported by Jaffré et 
al. (1976) and subsequently sparked global scientific interest in Ni hyperaccumulators. Later studies 
working with the same species in New Caledonia reported a mean of 6.4% (Callahan et al., 2008) 
and up to 14.7% (Schaumlöffel et al., 2003) in this phloem sap. Two further cases are known, one 
from Brazil, Cnidoscolus sp. nov (Euphorbiaceae) with 1.35% Ni in phloem sap (Reeves, 2003), 
and the second, Euphorbia helenae subsp. grandifolia (Euphorbiaceae) from Cuba with 3.1% Ni in 
the phloem sap (Reeves et al., 1996). Finally, 9% Ni was found in the phloem tissue of Phyllanthus 
balgooyi from the Philippines (Baker et al., 1992; Hoffmann et al. 2008), but phloem sap could not 
be collected at the time.  
 
The phloem tissue of all hyperaccumulators in this study (for those species from which phloem 
tissue could be collected) is extremely high in Ni (Table 8.4). The presence of Ni in the phloem 
tissue and sap is visible by bright green coloration in the field fresh material. Figure 8.3 (top) 
shows an excised section of the bark and phloem tissue of Rinorea bengalensis, which contains up 
to 22 604 µg/g (2.3%) Ni, whereas Figure 8.3 (bottom) shows the phloem sap exudate from a stem 
section of Phyllanthus balgooyi which contains up to 168 513 µg/g (16.9%) Ni. The phloem tissue 
of Phyllanthus cf. securinegoides contained up to 1.1% Ni, but this species did not enable a readily 
accessible sample of exudate. Collecting phloem sap is technically challenging because most plant 
species do not excrete appreciable quantities of exudate when phloem tissue is incised. The small 
tree (stem diameter up to 20 cm) Phyllanthus balgooyi is an exception, as it exudes a clear dark-
green viscous sap when the phloem tissue is damaged (under thin scaling bark). The amount of 
liquid produced from a cut is <1 mL/30 minutes. Three samples (from three different trees in the 
same population) contained 14.6 - 15.5 - 16.9% Ni, respectively. Besides exceptionally high Ni, this 
sap contained 0.19% Ca, 0.08% Mg, 0.04% Na, 0.12% K and 0.14% Co. Compared with the Cuban 
Euphorbia helenae subsp. grandifolia mentioned previously with a phloem sap containing 0.37% 
Ca, 0.31% Mg, 0.14% Na, 0.07% K and 0.04% Co, the sap from Phyllanthus balgooyi contains 
lower concentrations of the cations but a higher concentration of Co. In addition, Phyllanthus 
balgooyi contains extremely high Zn concentrations, up to 3688 µg/g. Given that the foliar and 
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phloem tissue Ni concentrations for this species from Palawan (Philippines) were much higher than 
the Sabah material, it possible that the phloem sap concentrations in the Philippine material could 
likewise also be proportionally higher, perhaps even surpassing the New Caledonian Sebertia 
acuminata. Although a study on aphids feeding on the temperate Ni hyperaccumulator Streptanthus 
polygaloides (phloem sap concentration 295 µg/g Ni) found that such Ni concentrations were not 
effective in defending plants against aphid attack (Boyd and Martens, 1999), the extreme 
concentrations in these tropical species undoubtedly induce toxicity. Nevertheless, aphids were 
found feeding on Phyllanthus cf. securinegoides (Van der Ent, unpublished) and hence must be 
either highly Ni-tolerant or employ mechanisms to avoid Ni-toxicity during feeding or both. 
3.5 Ultra-trace elements in Ni hyperaccumulators 
 
Ultramafic soils are not only enriched in Ni, Cr and Co, but also in a range of ultra-trace elements, 
such as Platinum-Group-Metals (PGM) and are frequently mined for such metals. Concentrations of 
ultra-trace elements are given for seven Ni hyperaccumulator species in Table 8.5. Despite the high 
specificity of Ni uptake (for example a mean Ni : Co ratio of 207 for all hyperaccumulators), 
concomitant accumulation of non-essential (ultra-trace) elements is to be expected because of 
shared physiologies for uptake. Very few studies, however, exist that report on ultra-trace element 
concentrations in tropical plants, and the only regional study known of is a report by Breulmann et 
al. (1999) which presented the following mean foliar concentrations (in µg/g): Ba (17.2/22.4), B 
(18.8/23.3), Co (0.1/13.6), Cr (0.5/0.5), Li (0.1/0.2), Mo (0.01/0.03), Pb (0.3/0.5), As (0.03/0.02), U 
(0.001/0.002), V (0.002/0.004), Sb (0.0002/0.0005), Sn (0.04/0.04), Sr (15.1/37.4), Ti (2.0/3.1), and 
Zr (0.005/0.01) for two families, the Dipterocarpaceae and Euphorbiaceae, respectively. Compared 
with these values, those for Ba, Li, Ti are lower in this study and values for B, Sn, Sr are similar to 
to those for the hyperaccumulators in this study, whereas current study values for Co, Cr, Mo, Pb, 
Sb, U, V, Zr are higher. Concentrations of ultra-trace elements in phloem tissue and phloem sap, 
materials exceptionally high in Ni, are overall somewhat higher than in the foliar material, and this 
is especially true for Co, Mo and Zr in Phyllanthus balgooyi. It should be noted, however, that in 
the study by Breulmann et al. (1999) the plants were collected from non-ultramafic soils. 
Regardless of differences in provenance and soil, baseline composition values for defining 
abnormal uptake behaviour for many ultra-trace elements are lacking. The preliminary results here 
indicate that Ni hyperaccumulators can uptake measurable concentrations of ultra-trace elements, 
but more analyses are needed to elucidate the extent of this phenomenon and its potential usefulness 
for ‘chemical fingerprinting’ (as applied for the Dipterocarpaceae in the Lambir Hills, Sarawak by 
Breulmann et al., 1998). 
  216 
4. Discussion 
 
Some species had fairly low Ni concentrations barely reaching the hyperaccumulator threshold 
(Xylosma luzoniensis, Mischocarpus sundaicus), whereas others (Psychotria sarmentosa, 
Phyllanthus cf. securinegoides) had amongst the highest Ni concentrations recorded for any plant in 
the world. Concentrations of Ni are highest in photosynthetic parts (leaves, green shoots), and the 
phloem tissue, and lowest in wood and bark. The phloem tissue is particularly well developed in 
some species (Phyllanthus balgooyi, P. cf. securinegoides, Rinorea bengalensis) and appears to act 
as a ‘Ni-sink’ with Ni concentrations reaching 7.9% in the phloem tissue and 16.9% in the phloem 
sap of Phyllanthus balgooyi. It is worth noting that unlike Sebertia acuminata, which produces a 
green opaque latex from the laticifers, P. balgooyi excretes green transparent phloem sap when the 
outer-phloem tissue is damaged. The build-up of Ni in the phloem results from accumulation of 
photosynthates transported from the leaves. Xylem Ni concentrations range up to 76 µg/mL and 
transpiration-driven flow, promoted by the xeric conditions in which most Ni hyperaccumulator 
grow, indicate that large amounts of Ni are transported through the plant. It is hypothesized that re-
distribution of Ni could enable Ni-loading of emerging leaves which could aid herbivory-protection 
(‘elemental herbivory defense’ viz. Boyd and Martens, 1998). Concentrations of Ni in flowers, 
seeds and seed capsules of Phyllanthus cf. securinegoides and Rinorea bengalensis were very high, 
except in the seeds of Rinorea bengalensis (but not the seed capsules). This could also have evolved 
for herbivory protection, but could also affect insect floral visitors and pollination. As such high Ni 
concentrations in the flowers could potentially lead to pollinator preferences between populations, 
and therefore induce isolation which can contributing to population differentiation and subsequent 
speciation. Relevant in this respect is that many Glochidion and Phyllanthus species are exclusively 
pollinated by moths of the genus Epicephala. Females of these moths actively pollinate the flowers 
and then deposit eggs into the floral ovaries, after which the larvae consume some of the developing 
seeds (Kawakita, 2010). The co-evolution and high specificity for Epicephala-species for specific 
Phyllanthus-species has been linked to the extensive diversification of this species in New 
Caledonia (Kawakita and Kato, 2004). The link with Epicephala has, however, not yet been studied 
in relation to Ni hyperaccumulating Glochidion and Phyllanthus. 
 
Although Ni concentrations in the twigs and wood often exceed hyperaccumulator thresholds (> 
1,000 µg/g) in species that have extremely high foliar Ni concentrations (Phyllanthus balgooyi, P. 
cf. securinegoides, Psychotria sarmentosa complex), preferential Ni accumulation in leaves means 
that in some hyperaccumulators (Walsura pinnata, Xylosma luzoniensis, Mischocarpus sundaicus) 
Ni concentrations in twigs and wood are rather low. This re-affirms the need to base 
  217 
hyperaccumulator thresholds on the basis of foliar Ni concentrations. The tree Rinorea bengalensis 
(15-25 m, stem diameter up to 60 cm) grows relatively fast, and produces a yellow fine-grained 
medium hardwood. The significant Ni concentrations in the wood of this species (up to 1920 µg/g) 
effectively render this wood loaded with a toxic chemical. As opposed to impregnation with copper-
arsenide mixtures (CCA) in wood preservation, the intrinsic Ni in Rinorea bengalensis could act as 
a natural insecticide/fungicide, although this has not yet been tested. 
5. Conclusion 
 
Uniformly, the Ni concentrations are highest in the foliage indicating a preferential allocation of Ni 
to the photosynthetic parts over other plant tissues, which this is typical for hyperaccumulators. The 
identification of suitable species for Ni phytomining has previously mainly been assessed based on 
growth characteristics and Ni accumulation capacities, which together can translate into the 
potential yield of a phytomining crop (Robinson et al., 1997a; Harris et al., 2009; Van der Ent et al., 
2013). Other selection criteria were based on nutritional requirements and germination 
characteristics (Angle et al., 2001; Li et al., 2003). However, in the tropical environment, with 
ligneous Ni hyperaccumulator species, other important selection criteria include the Ni 
concentrations in harvestable biomass (consisting of foliar, twig and wood fractions), and the 
optimum concentrations of elements other than Ni (Ca, Mg, K, P, S) to minimise ‘contamination’ 
with unwanted elements in the eventual ‘bio-ore’. It is clear that leaves and green twigs have the 
highest Ni concentrations, and are hence the favourable biomass fraction for Ni phytomining. 
Ligneous parts contain considerably less Ni and take a longer time to grow. Therefore, an efficient 
phytomining model could be based on pruning and re-growth of young shoots, leaving the ligneous 
base and root system intact. Anecdotal evidence of regular pruning suggests that Phyllanthus spp. 
tolerate this process and rapidly re-sprout. In a phytomining operation, blocks of land could be 
grown with hyperaccumulator shrubs that are regularly pruned (once 1–2 years) to approximately 
0.3 m and allowed to re-grow. The same species could be grown to maturity around the perimeter to 
reduce soil erosion and wind exposure. 
 
Further, the results also show that Ca concentrations in hyperaccumulator tissues can be very 
significant; for example, in a sample of Phyllanthus cf. securinegoides, foliar Ca was 1.2% and Ni 
1.1% which translates to approximately 10% for both elements in the foliar ash, and 33% Ca and 
10% Ni in the ash of the ligneous parts (Van der Ent, unpublished). This reinforces the preference 
for harvesting leaves/green twigs for bio ore production over ligneous parts. The tendency for 
extremely high Ca uptake in Ni hyperaccumulators has also been reported elsewhere, including for 
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example, in Psychotria douarrei from New Caledonia with 19 900 µg/g Ni and 24 400 µg/g Ca 
(Baker et al., 1985). Furthermore, major between-species variability not only in Ni, but also in Ca, 
Mg and K could inform optimal species selection. Irrespective of the variability, there are very high 
Ca concentrations in hyperaccumulator biomass and this could have consequences for the economic 
viability of Ni extraction from the bio ore. The Ca accumulation in hyperaccumulator biomass also 
means that significant amounts of Ca could be needed in fertilizer applications to avoid Ca 
depletion in the soil. This was also recognised in phytomining trials with Alyssum spp. (Chaney et 
al., 2007). Other elements that will need to be replenished in the soils include K, Mg and P to 
stimulate both biomass production and to counteract against removal of these elements through the 
harvest of biomass. It is, however, hitherto unknown how the Ni hyperaccumulators studied here 
will react to fertilisation. 
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Figure 8.1. Foliar Co and Ni concentrations (log10 transformed) in the hyperaccumulators 
Glochidion sericeum, Rinorea bengalensis and Flacourtia kinabaluensis are significantly (p = 
<0.01) correlated. 
 
Figure 8.2. Foliar Ca and Ni concentrations (log10 transformed) in the hyperaccumulators 
Phyllanthus cf. securinegoides and Rinorea bengalensis are significantly (p = <0.01) correlated. 
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Figure 8.3. An excised section of the bark and phloem tissue (2.3% Ni) of Rinorea bengalensis 
(top), and phloem sap (16.9% Ni) bleeding from a stem section of Phyllanthus balgooyi (bottom). 
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Table 8.1. Elemental concentrations in foliage (µg/g) in studied Ni hyperaccumulators (macro-
elements). Results are from micro-wave assisted digestion with HNO3 and H2O2.  
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Table 8.2. Elemental concentrations in foliage (µg/g) in studied Ni hyperaccumulators (trace 
elements). Results are from micro-wave assisted digestion with HNO3 and H2O2.  
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Table 8.3. Elemental concentrations in plant parts (µg/g) in studied Ni hyperaccumulators. Results 
are from micro-wave assisted digestion with HNO3 and H2O2.  
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Table 8.4. Ni concentrations in plant parts (µg/g) in studied Ni hyperaccumulators. Number of 
samples refer to twigs, bark and wood samples. Number of samples of phloem and xylem are 1 ,4, 4 
and 6 respectively. Results are from micro-wave assisted digestion with HNO3 and H2O2.  
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Table 8.5. Elemental concentrations in foliage (µg/g) in studied Ni hyperaccumulators (ultra-trace 
elements) in top part of the table. Elemental concentrations in phloem tissue and phloem sap (µg/g) 
in studied Ni hyperaccumulators (ultra-trace elements) in bottom part of the table. Results are from 
micro-wave assisted digestion with HNO3 and H2O2.  
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Abstract 
 
Ultramafic soils (derived from iron-magnesium-nickel-rich mantle rocks) pose edaphic constraints 
on plants to survive. The combination of such edaphic factors, biogeography and paleo-history has 
resulted in extremely high plant diversity on ultramafic ‘edaphic islands’ in Kinabalu Park (Sabah 
Malaysia) on the Island of Borneo. A biogeochemical analysis was undertaken of bedrock, soil, leaf 
litter and foliar compartments of 87 plots in the study area. The results showed that soil total 
elemental concentrations of Ca, Co, Cr, Fe, Mg and Mn are higher, but K is lower in ultramafic 
soils compared to non-ultramafic soils. Analyses of leaf litter demonstrated that K is lower in leaf 
litter compared with foliage, but this could also be explained by the high mobility and hence 
leachability from freshly deposited leaf litter. There are no indications of shedding of toxins, as 
foliar and leaf litter concentrations of Ni, Mn, Cr and Co are very similar. Foliar elemental 
concentrations of Ca, Fe, Mn and Na were higher in ultramafic soils, but K and P were lower. 
Although Co and Ni are much higher in ultramafic soils; the foliar concentrations for these elements 
were not significantly different between ultramafic and non-ultramafic soils, indicating effective 
ecophysiological exclusion mechanisms in plants growing on ultramafic soils. 
 
Keywords: bedrock serpentinisation, foliar chemistry, leaf litter chemistry, soil chemistry. 
1. Introduction 
 
Ultramafic outcrops cover 3500 km2 in Sabah (Proctor et al., 1988; Repin, 1998) and 151 km2 in 
Kinabalu Park. Ultramafic soils are characterised by relatively high concentrations of trace elements 
(Ni, Co, Cr, Mn), major cations imbalances (high Mg:Ca molar quotients) and nutrient deficiencies 
(K, P) (Baillie et al., 2000; Proctor, 2003). Common characteristics among such vegetation types 
found on tropical ultramafic soils are a typically lower stature and unusual species composition 
compared to vegetation on non-ultramafic soils (Proctor, 2003). Among the peculiarities of 
ultramafic soils is the occurrence of nickel hyperaccumulator plants (Reeves, 2003; Van der Ent et 
al. 2012). Although the distinctiveness of ultramafic soils compared to non-ultramafic soils is often 
emphasized (Whittaker, 1954; Brooks, 1987), it is not generally acknowledged that ultramafic soils 
themselves vary greatly in chemical characteristics, and important differences between plant 
community compositions on different ultramafic soils, at the same altitude, have also been observed 
(Proctor, 2003). In the literature, soils derived from either peridotite or serpentinite bedrock are 
often called ‘serpentine soils’ and botanists and ecologists commonly do not distinguish between 
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these two types (Alexander, 2004; 2009). Although arguments have been made to term ‘serpentine 
soils’ more generally ‘ultramafic soils’, which is geologically correct and avoids confusion with 
‘serpentinite’ the term is cemented in the field (Brooks, 1987). Soils derived from serpentinite 
bedrock differ substantially in colour, texture and chemical characteristics compared with those 
derived from peridotite bedrock (Alexander, 2009). In Sabah ultramafic bedrock (peridotite) is 
serpentinised to varying degrees (Collenette, 1964). 
 
This study aimed to characterize the chemical variation in ultramafic soils, with a focus on the level 
of serpentinisation, and potential ecological implications. It was hypothesized that soils derived 
from bedrock with more complete mineralogical serpentinisation results in soil chemistries with 
more adverse properties to plant life (e.g. low availability of the essential nutrients N, P, K and Ca 
and high concentrations of potentially phytotoxic Mg and Ni). In total, 87 non-permanent 
vegetation plots were established covering all major 12 ‘ultramafic edaphic islands’ known in 
Kinabalu Park. In each ‘island’, at least four plots were laid out, with plot sizes determined by 
altitude. The altitude ranged from 474–2950 m above sea level (asl). In each plot, samples of all 
plant species present were collected, all trees >4.8 cm dbh were counted, and bedrock, soil, leaf 
litter and foliar samples were collected. 
2. Materials and Methods 
 
2.1 Study localities 
 
Mount Kinabalu (4095 m asl), part of Kinabalu Park in Sabah (Malaysia) is a granite pluton 
emplaced as a tabular laccolith, which formed between 7.85–7.22 million years ago (Cottam et al., 
2010). During the glacial periods of the Pleistocene, Borneo Island was connected to the Asian 
mainland and Java and Sumatra (Morley, 2000). At that time, the mountain was covered by glaciers 
of approximately 5.4 km2 in extent that disappeared 9200 years ago (Koopmans and Stauffer, 
1968). The lower slopes of Mount Kinabalu have thick layers of Tertiary sedimentary rock of the 
Trusmadi Formation from the Eocene and mudstone and sandstone of the Crocker Formation from 
the Eocene-Oligocene (Collenette, 1964; Jacobson, 1970). Ultramafic rock outcrops like a collar 
around the granite Kinabalu massif and forms Mount Tambuyukon, which is entirely ultramafic. 
The ultramafic bedrock consists of peridotite, which is serpentinised to varying degrees. The largest 
ultramafic outcrops in Kinabalu Park are Bambangan, Layang-Layang, Marai Parai, Panataran 
Valley and Bukit Babi. The outcrops range in size from 0.6 km2 (Mesilau) to 89 km2 (Mount 
Tambuyukon) and the plot numbers, altitude, vegetation and soil types are given in Table 9.1.  
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2.2 Plot census 
 
In this study multiple small plots (n = >4) were set out at each ultramafic outcrop covering 12 
‘ultramafic islands’ in Kinabalu Park. The plot locations were aimed at capturing the variability 
within each 'island'. At each plot bedrock samples (n = 1), soil samples (n = 3), leaf litter samples (n 
= 1) and foliar samples (n = 4–6) were collected, as detailed separately below. 
2.4 Bedrock chemical contents 
 
Bedrock samples were collected from soil pits in each plot. Bedrock samples were also collected 
from non-ultramafic substrates (sandstone and shale bedrock) on Mount Kinabalu and nearby 
Mount Trus Madi to serve as a reference. The rock samples were crushed and ground in a ball-mill 
to a 100-µm powder. Total elemental concentrations in rock samples (100 mg) were obtained by 
digestion with a mix of 4 mL 70% nitric acid, 3 mL 37% hydrochloric acid and 2 mL 48% 
hydrofluoric acid for 2 h in a microwave and then diluted to 45 mL with ultra-pure water before 
analysis. The method was based on Rayment and Higginson (1992) method 17A2. The aliquots 
were analysed with ICP-AES as detailed below for the analysis of soil extracts. 
2.6 Soil chemistry 
 
In each plot, three soil samples were collected at a depth of 10–20 cm from the surface. As for the 
bedrock, soil samples were also collected from non-ultramafic substrates to serve as a reference for 
contrasting ultramafic soil chemistry (on Mount Trus Madi). Samples were brought to the local 
field station, air-dried at room temperature to constant weight, sieved to <2 mm, shipped to 
Australia, and gamma irradiated at Steritech Pty. Ltd. in Brisbane following Australian Quarantine 
Regulations. Sub-samples of 300 mg were digested using freshly prepared Aqua Regia (4 mL 70% 
nitric acid and 3 Lm 37% hydrochloric acid per sample) in a digestion block for 2 hours and diluted 
to 45 mL with ultra-pure water before analysis to give ‘pseudo-total’ concentrations (hereafter 
‘total’ concentrations). Soil pH and electrical conductivity (EC) were obtained in a 1:2.5 soil: water 
mixture. Exchangeable Ni, Co, Cr and Mn were extracted in 0.1M Sr(NO3)2 at a soil:solution ratio 
of 1:4 (10g:40 mL) and 2 hours shaking time. Phytoavailable Ni, Co, Cr and Mn were extracted 
with Diethylene triamine pentaacetic acid (DTPA) according to Lindsay and Norvell (1969), but 
with modifications from Bequer et al. (1995) (excluding TEA, buffered at pH 5.3, soil:solution 
5g:25mL). Plant-available phosphorus was extracted with the Mehlich-3 method (Mehlich, 1984) 
and the Olsen-P method (Olsen et al., 1954). Bicarbonate-extractable K (Colwell-K) was extracted 
following Rayment and Higginson (1992) method 18A1. Exchangeable cations were extracted with 
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silver-thiorea (Dohrmann, 2006) over 16 hours in the dark. Samples were agitated for method-
specific times using an end-over-end shaker at 400 rpm and subsequently centrifuged (10 minutes at 
4000 rpm). The supernatants were collected in 10 mL polyethylene tubes and aliquots analysed with 
ICP-AES (Varian Vista Pro II) wherein the analytical package consisted of Ni, Co, Cr, Cu, Zn, Mn, 
Fe, Mg, Ca, Na, K, S and P. Total soil carbon and nitrogen were analysed on a subset of samples 
from the plots. Approximately 150 mg of finely-ground (100 µm) soil was weighed into tin foil 
boats and analysed on a LECO TruSpec CHN combustion analyser at 1100°C. 
2.7 Leaf litter chemistry 
 
Leaf litter samples were collected from each plot by carefully removing undecomposed plant 
material and partly decomposed organic matter (O horizon) from a 1 m2 area (and equally carefully 
scraping off any adhered mineral soil particles). Samples of leaf litter from non-ultramafic soil areas 
were also collected. The samples were dried (60°C for 5 days in a dehydrating oven), finely ground 
in an electric ring-mill with cutting blades, sieved to 1 mm and analysed as per the foliar samples 
detailed below. 
2.8 Foliar chemistry of canopy trees 
 
Fully-grown leaves were collected from the five most dominant tree species (defined as those 
species constituting the highest combined basal area or highest total cover) in each plot. Similarly, 
non-ultramafic reference samples were collected from trees growing in non-ultramafic soils. All 
foliar samples were thoroughly washed with de-mineralized water following collection to remove 
potential dust contamination and then dried at 60°C for 5 days in a dehydrating oven and packed for 
transport to Australia. All samples were crushed, and a 300 mg subsample was digested in 4 mL 
70% nitric acid and 1 mL 30 % hydrogen peroxide in a digestion microwave. Digests were diluted 
to 40 mL with ultra-pure water and analysed using an ICP-AES (Varian Vista Pro II). The 
analytical package consisted of Ni, Co, Cr, Cu, Zn, Mn, Fe, Mg, Ca, Na, K, S and P.  
2.9 Statistical analyses 
 
Analysis of environmental data was carried out in PRIMER (v. 6.0), CANOCO (v. 5) and Microsoft 
Excel (v. 2011). The data was transformed (square root for pH, Al, Ca, Co, Mn, Ni, K, P) and 
normalised (environmental variables) to improve normality and homoscedasticity. T-tests and 
correlation-analysis were performed in Excel for the environmental data and the foliar chemistry.  
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3. Results 
 
3.1 Bedrock chemistry 
 
Bedrock samples from each plot were analysed for elemental composition, and total concentrations 
are given in Table 9.2. These analyses confirm the ultramafic origin of the bedrock at the ‘islands’ 
as they showed high contents of mafic minerals: Fe (up to 14%) and Mg (up to 39%). When 
comparing overall ultramafic bedrock contents with the reference non-ultramafic bedrock samples, 
Al, K, Na, P and Si are significantly (p = <0.01) lower, and Co, Cr, Fe, Mn and Ni are significantly 
higher. Comparing the elemental contents in bedrock of the different ‘islands’ shows that Co is 
rather uniform, but Cr varies greatly, with more than four-fold, mean concentrations ranging from 
812 ± 258 µg/g (Nalumad) to 3616 ± 1719 µg/g (Bukit Babi). Nickel is also variable with means 
ranging from 650 ± 194 µg/g (Mount Tambuyukon slopes) to 2172 ± 900 µg/g (Nalumad). 
Compared to the bedrock, the soils (Table 9.3) are strongly enriched in most elements; for example, 
mean Co is 8.4 ± 0.5 µg/g in bedrock, but 249 ± 16 µg/g in soil.  
3.2 Soil chemistry 
 
Contrasting the ultramafic soil chemistry with non-ultramafic reference data from similar localities 
is useful because ultramafic soils are purported to pose edaphic constraints to plants. Table 9.3 
shows the soil chemistry of 'edaphic islands'. Of the total elemental concentrations, only K is 
significantly (p = <0.01) lower, while pH, and total concentrations of Ca, Co, Cr, Fe, Mg and Mn 
are all significantly higher in the ultramafic soils, and total P is not significantly different. DTPA-
extractable concentrations of Co, Mn and Ni are all significantly higher in the ultramafic soils. 
Exchangeable Al is higher in non-ultramafic soils, exchangeable Mg and Na are higher in 
ultramafic soils, and exchangeable Ca and K are not significantly different. The higher 
exchangeable Al in non-ultramafic soils could be explained by the significantly lower pH of non-
ultramafic soils. Although total P does not significantly differ between ultramafic soils and non-
ultramafic soils, Mehlich-3 and Olsen-P are significantly lower in ultramafic soils (2.1 ± 0.15 µg/g 
versus 3.5 ± 0.80 µg/g, and 2.8 ± 0.4 versus 8.3 ± 1.3, respectively). This might be explained by the 
extremely high Fe concentrations in ultramafic soils, which could reduce P availability by occlusion 
with Fe oxides (Sanchez, 1976; Reed et al., 2010). It is clear from the overall comparison of 
ultramafic and non-ultramafic soils that the ultramafic soils are more nutrient-deficient. However, 
low nutrient concentrations are not just typical of tropical ultramafic soils, but for most weathered 
tropical soils in Kinabalu Park (Aiba and Kitayama, 2002).  
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Total soil N concentrations were universally low (0.1–0.3 % dry wt) in all ‘islands’ and C:N ratios 
were 13–19. However, these were in the same range as occurred in non-ultramafic soils supporting 
rainforest in Sarawak [0.19 ± 0.003 %N and C:N of 19.9 ± 0.9 (Read et al., 2006)] and in ultramafic 
soils with Nothofagus forest in New Caledonia [0.13 ± 0.005 %N and C:N 14.6 ± 0.94 (Palmiotto et 
al., 2008)]. The exception was the soils at Wuluh River that had extremely low N (0.03 ± 0.02) but 
very high C:N ratio (85). 
 
Cation imbalances towards Mg are unique to ultramafic soils, and the mean Mg:Ca molar quotients 
in ultramafic soils is 6.96 ± 1.00 and in non-ultramafic soils 0.29 ± 0.03. Locally, the Mg:Ca molar 
quotient reaches 136, and exchangeable Mg can be as high as 43 cmol(+)/kg. However, absolute Ca 
concentrations are generally not low (, mean of 1.17 ± 0.1 cmol(+)/kg), and, overall, higher levels 
than in non-ultramafic soils. In addition to cation imbalances, phytotoxicity could be another 
important factor in ultramafic soils and in particular, Ni, with total concentrations at a mean of 1436 
± 73 µg/g in ultramafic soils, and 28 ± 7 µg/g in non-ultramafic soils, and DTPA-extractable Ni at 
50 ± 4 µg/g and 0.3 ± 0.1 µg/g, respectively. Similarly Mn concentrations could be a factor, with a 
mean of 3275 ± 219 µg/g for ultramafic soils and 107 ± 35 µg/g for non-ultramafic soils, and 
DTPA-extractable Mn of 194 ± 12 µg/g and 3.6 ± 1.1 µg/g, respectively. Although ultramafic soils 
are universally regarded as ‘adverse’ by ecologists (Brooks, 1987; Proctor, 2003; Brady et al., 
2005), and often considered as one unit in geochemical mapping, generalisations are hard to make 
because the chemistry of the tropical ultramafic soils at Kinabalu Park varies greatly. Therefore, on 
a local scale, nutrient deficiency and phytotoxicity can be important factors ecologically. Previous 
studies (Van der Ent et al., 2013) grouped the ultramafic soils from Kinabalu Park into four main 
soil types based on their pedological and chemical attributes: (1) Deep laterite soils (oxisols) in the 
lowland zone; (2) Montane soils with mor humus in the montane zone; (3) Skeletal hypermagnesian 
soils in the sub-alpine zone; and (4) Serpentinite soils in the lowland zone. The soil chemistry of 
these main soil types in relation to the ultramafic ‘islands’ is discussed in more detail separately 
below. 
 
The two ‘islands’ that have deep laterite soils (ferralitic oxisols) are Serinsim and Nalumad. These 
laterite soils are essentially Fe-Cr oxides (total Fe 15 ± 1.2 mg/g and Cr 369 ± 28 mg/g), with low 
CEC (1.56 ± 0.3 cmol(+)/kg), acidic pH (~ (pH 4.6 ± 0.1 and 4.8 ± 0.272) and low exchangeable Mg 
(0.21 ± 0.2 cmol(+)/kg). The Mg:Ca molar quotient is also low at both locations (1.0 ± 0.8) and not 
likely to have major effects on the vegetation. The vegetation on these soils is very tall dipterocarp 
forest with an understorey of tree saplings but virtually no herbs. Despite very low concentrations 
of (exchangeable and extractable) nutrients, including Ca, K and P (at Serinsim Ca = 81 ± 16 µg/g, 
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K = 33 ± 2 µg/g, P = 1.4 ± 0.09 µg/g), these soils support very high biomass ecosystems. Most 
nutrients are contained in the living biomass, and recycling from leaf litter mass is fast (as 
evidenced by the distinct absence of any significant leaf litter accumulation) and efficient (as 
indicated by the high densities of surface roots).  
 
The montane soils (montane inceptisol - tropepts), usually with build-up of mor humus, are the 
most common and widespread in Kinabalu Park, and occur in the ‘islands’ Bukit Babi, Marai Parai, 
Mount Tambuyukon (slopes), Mesilau, Bambangan, Bukit Hampuan and Mount Nambuyukon. The 
latter four, however, are derived from strongly serpentinised bedrock, and are therefore less acidic 
(pH 5.5–5.9) and have higher exchangeable bases (in the case of Bukit Hampuan, extremely high 
exchangeable Mg at 10.1 ± 3.2 cmol(+)/kg). In general, the montane soils area is acidic (pH <6), and 
with an intermediate to high CEC (3–6 cmol/kg). Locally, DTPA-extractable Co can be very high at 
77–85 µg/g on Mount Tambuyukon (slopes). The formation of peat in these soils has been 
attributed to the frequency of cloud cover and hence continuous saturation (Proctor et al., 1988). 
 
The sub-alpine zone on the summit ridge of Mount Tambuyukon has skeletal hypermagnesian soils 
(cambisols) that are characterised by high total and exchangeable Mg (4.2 ± 0.7 cmol(+)/kg), high 
but variable Mg:Ca molar quotients (6.5 ± 1.7), low CEC (4.0 ± 0.6 cmol(+)/kg), very high DTPA-
extractable Ni (mean Ni 120 ± 11 µg/g), DTPA-extractable Co (35 ± 3.2 µg/g) and DTPA-
extractable Mn (403 ± 29 µg/g), and are mildly acidic (pH 6.1 ± 0.1). DTPA-extractable Mn can 
reach up to concentrations of 779 µg/g. Similar soils occur at Layang-Layang, but these are more 
acidic (pH 5.1 ± 0.1), have similar Mg:Ca molar quotients (6.3 ± 2.6), but higher exchangeable Al 
(0.1 ± 0.04 cmol(+)/kg). 
 
Finally, the soils on bare serpentinite bedrock (entisols) that occur in the Panataran Valley and 
Wuluh River have extremely high total and exchangeable Mg (Mg:Ca molar quotients of 27 ± 8.7 at 
Wuluh River), very low exchangeable K (0.05 ± 0.01 cmol(+)/kg at Wuluh River), very high CEC 
(17 ± 2.4 cmol(+)/kg at Panataran Valley), high extractable Ni (97 ± 13 µg/g DTPA-extractable Ni at 
Panataran Valley) and circum-neutral pH (pH 7.3 ± 0.2 at Wuluh River) near the surface and highly 
alkaline at depth (up to pH 9.8). Locally, DTPA-extractable Ni can be up to 274 µg/g at Wuluh 
River and 254 µg/g at Panataran Valley. The occurrences of these soils are where rivers cut through 
the formations, and occur mainly on the (extremely) steep sides of the valleys. These soils support 
highly distinctive vegetation dominated by Casuarinas (genera Gymnostoma and Ceuthostoma). 
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3.3 Leaf litter chemistry 
 
The reasons for analysing concentrations in leaf litter were to gain insight into strategies around 
nutrient cycling (Ca, K, Na, P) and shedding of toxins (Ni, Mn, Co, Cr). In a previous study on 
Mount Silam, it was shown that Ni was up to 13-fold higher in leaf litter than in living leaves, 
whereas in senescing leaves Ca was lower relative to Mg, results possibly suggesting excretion of 
toxins (Ni, Mg) and preservation of nutrients (Ca) (Proctor et al., 1988). The results in the current 
study show that of the elemental concentrations in leaf litter, only K is significantly lower on 
ultramafic soils whereas Mn and Ni are higher. Table 9.4 shows the leaf litter chemistry of the 
'edaphic islands'. 
3.4 Foliar chemistry 
 
When comparing overall foliar elemental concentrations from ultramafic soils with the reference 
from non-ultramafic soils (Table 9.5), it appears that foliar Ca, Fe, Mn and Na are significantly 
higher in ultramafic soils, Co, K and P are lower, while Al, Cr, Mg and Ni are not significantly 
different (Table 9.5 also shows foliar chemistry of 'edaphic islands'). As soil K is lower in 
ultramafic soils, the lower foliar concentrations on ultramafic soils are to be expected. However, 
soil Al is much higher in non-ultramafic soils (as extractable Al), but foliar concentrations are not 
significantly different. The foliar elemental concentrations (Table 9.5) vary widely between the 
‘islands’. However, foliar concentrations of Fe (34 ± 1.6 µg/g), Ni (50 ± 17 µg/g), Cr (4.4 ± 0.3 
µg/g) and Co (2.7 ± 0.2 µg/g) are universally low. Foliar Ni concentrations are higher at Bukit 
Hampuan (because of the inclusion of a single Ni hyperaccumulator, Phyllanthus balgooyi with 
4787 µg/g which is locally a canopy tree). A similar situation applies to Panataran Valley and 
Wuluh River (with the occurrence of a single Ni hyperaccumulator species in the canopy). Foliar 
Mn is highest in the lowland forest at Nalumad (1141 ± 296 µg/g) and Serinsim (933 ± 346 µg/g). 
The foliar concentrations of K and P are remarkably high when compared to soil concentrations of 
these elements, which are very low (K is approximately 40-fold higher in foliage than in soil). The 
growth of plants in tropical rainforests is generally P-limited (Vitousek and Sanford, 1986) and the 
foliar concentrations of P are relatively uniform with a mean of 308 ± 6 µg/g for all ‘islands’, which 
is marginally lower compared with foliar concentrations from non-ultramafic soils (471 ± 22 µg/g). 
Finally, foliar Al, Na and Ca concentrations are highly variable between the ‘islands’ (mean Al 
ranging from 13–1620 µg/g, mean Na ranging from 349–1902 µg/, mean Ca ranging from 2315–
11 059 µg/g), whereas foliar K ranges from 1969–5680 µg/g with no obvious patterns.  
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Pair-wise correlations between foliar elemental concentrations and exchangeable and extractable 
soil metal concentrations are given in Table 9.6. These values are derived from the extractable or 
exchangeable elemental soil concentrations (three samples per plot) versus mean foliar elemental 
concentrations (four-five samples per plot). Foliar Cu and Mn are significant (p = <0.05) but 
weakly correlated with soil pH, whereas foliar concentrations of other elements are not significantly 
correlated with any soil concentrations of matching elements (although cross-correlation for 
different elements occurs).  
4. Discussion 
 
4.1 Overall bedrock, soil, leaf litter and foliar chemistry 
 
Analysis of soil total elemental concentrations showed that K is lower, while pH, and total 
concentrations of Ca, Co, Cr, Fe, Mg and Mn are all higher in the ultramafic soils. Leaf litter was 
analysed with the aims of gaining insight in nutrient cycling and shedding of toxins. The fact that K 
is much higher in foliage could indicate K retention before shedding, but could also be explained by 
the high mobility and hence leachability from freshly deposited leaf litter. There are no indications 
of shedding of toxins (Co, Cr, Mn and Ni), as foliar and leaf litter concentrations are very similar. 
 
Foliar elemental concentrations from ultramafic soils were compared with a reference dataset from 
non-ultramafic soils demonstrated that foliar elements in excess in ultramafic soils (Ca, Fe, Mn and 
Na) were higher in ultramafic soils, whereas nutrient concentrations were lower (K and P).  
Although Co and Ni are much higher in ultramafic soils; the foliar concentrations for these elements 
were not significantly different, indicating effective ecophysiological exclusion mechanisms. 
4.2 Floristic implications 
 
The deep ultramafic ferralitic oxisols support tall species-rich rainforest, not dissimilar to 
podzolised sandstone nutrient-poor forests elsewhere in Sabah, with the dipterocarps Shorea laxa 
and Shorea venulosa and the gymnosperm Agathis borneensis (Araucariaceae) dominating. Other 
characteristic dipterocarps include Dipterocarpus lowii, D. ochraceus, Shorea kunstleri, S. laxa, S. 
lowii, S. tenuiramulosa, S. venulosa and Dryobalanops beccarii (Acres et al., 1975; Ashton, 1982).  
These intensively weathered soils (ferralitic oxisols) are the most benign in terms of their chemical 
properties, notwithstanding they are (very) nutrient-poor although that in itself is not unique, as 
(lowland) rainforests (on non-ultramafic oxisols) soils are generally nutrient-poor (Whitmore, 1975; 
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Vitousek and Sanford, 1986), Experimental work on these ultramafic rainforest soils has shown that 
nutrient-limitation rather than toxicity is likely important here (Brearley, 2005). 
 
The montane inceptisols are the most widespread soils in the ‘cloud-forest’ zone of Mount Kinabalu 
Park. The tree density is generally high and these ecosystems have high species diversity, 
particularly in epiphytes such as orchids. The vegetation is typical for this altitudinal zone, and 
dominated by trees in the families Myrtaceae, Fagaceae, Podocarpaceae and Rubiaceae. The 
vegetation, however, differs little from soils derived from non-ultramafic bedrock in the same area, 
although physiognomy is often more stunted on the ultramafic soils for reasons not fully 
understood. Strongly serpentinized soils on high altitude (Bukit Hampuan, Bambangan, Mesilau) 
have montane inceptisols, but are much more base-rich (CEC, pH) and have higher Mg:Ca 
quotients compared to peridotite-derived ultramafic soils or non-ultramafic soils, which is reflected 
in extremely species-rich vegetation. 
 
The skeletal hypermagnesic cambisols are extreme in their chemical properties (high Mg:Ca, high 
extractable Ni and Mn), and coupled with high altitude (2400–2950 m) have given rise to very 
stunted vegetation dominated by species in the Myrtaceae and Podocarpaceae at Layang-Layang on 
Mount Kinabalu’s south slope. On the more exposed slopes, the vegetation is co-dominated by just 
two plant species, Leptospermum recurvum (Myrtaceae) and Dacrydium gibbsiae (Podocarpaceae), 
both endemic. Locally, the carnivorous pitcher plant Nepenthes villosa (Nepenthaceae), also 
endemic, is common. The ultramafic graminoid vegetation (<1 m high) on the exposed summit 
ridges of Mount Tambuyukon is unique and not found anywhere else in Sabah or Borneo. This 
vegetation type is characterized by a range of shrubs such as Tristaniopsis elliptica (Myrtaceae), 
Lithocarpus rigidus (Fagaceae), Ternstroemia lowii (Pentaphylacaceae), Scaveola verticillata 
(Goodeniaceae), Wikstroemia indica (Thymelaeaceae), Leptospermum recurvum (Myrtaceae), 
Podocarpus brevifolius and Dacrydium gibbsiae (Podocarpaceae), the sedges, Gahnia javanica and 
Schoenus melanostachys,  
 
The serpentinitic entisols give rise to a mosaic of landslides, with the older landslides and the ridges 
having open medium-tall forest dominated by Casurinaceae (Gymnostoma sumatranum, G. nobile 
and Ceuthostoma terminale) whereas the younger landslides have pioneer communities often with 
shrubs of Scaevola micrantha (Goodeniaceae), Decaspermum vitis-idaea (Myrtaceae) and 
Macaranga kinabaluensis (Euphorbiaceae). Two terrestrial hyper-endemic orchids, Paphiopedilum 
rothschildianum and P. dayanum, are restricted to this pioneer vegetation. Another hyper-endemic, 
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the tree Borneodendron aenigmaticum (Euphorbiaceae), co-occurs with Casurinaceae in more 
developed forest. 
4.3 Effects of bedrock serpentinisation 
 
The differences between soils derived from ‘peridotite’ and ‘serpentinite’ are ecologically 
important, but they form a complex matrix of soil pedological and chemical properties that depend 
on weathering, altitude and topography. It was hypothesized that soils derived from bedrock with 
more complete mineralogical serpentinisation results in soil chemistries with more adverse 
properties to plant life. Two types of soils turned out to have extreme chemical properties however: 
(1) soils derived from peridotite at high altitude (hypermagnesic cambisols) and (2) soils derived 
from strongly serpentinised bedrock (serpentinitic entisols). The first category is mainly found at 
Layang-Layang (high-altitude Mount Kinabalu) and in the summit zone of Mount Tambuyukon. 
These shallow soils present multiple toxicities; extremely high phytoavailable Ni, Co and Mn and 
extremely high exchangeable Mg (and high Mg:Ca quotients). In conjunction with altitudinal 
effects, these properties are a likely cause of the stunted vegetation. The second category comprises 
soils consisting of decomposed serpentinite bedrock material and occur mainly in the Panataran 
Valley and along the Wuluh River and have extremely high exchangeable Mg and high Mg:Ca. The 
high phytoavailable Cr in these soils (as evidenced by high exchangeable and water-soluble Cr) 
could also have toxicity effects. These soils support highly distinctive vegetation dominated by 
trees in the Casuarinaceae, and several hyper-endemic plant species. 
 
Numerous experimental studies have demonstrated Ni-toxicity in plants (for example L’Huillier et 
al. 1996; Kukier and Chaney, 2004), but some rare plant species actually thrive in Ni-rich soils. 
These plants, nickel hyperaccumulator species, plants that sequester in excess of 1000 µg/g Ni in 
their shoots (Van der Ent et al., 2012) are also known from Sabah (Proctor et al. 1988; Van der Ent 
et al. submitted). Their occurrence is restricted to soils with exceptionally high available Ni, mainly 
strongly serpentinised soils in the lowlands (<1200 m asl). These occurrences are localized on very 
shallow soils with active mineral weathering (hence releasing Ni), for example in Nalumad where 
the strongly serpentinised soils also have very high pseudo-total Mn (8698–16 120 µg/g) and up to 
300 µg/g DTPA-Mn and 276–654 µg/g DTPA-Cr. 
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Table 9.1. Overview of 'ultramafic edaphic islands' and plot locations and sizes with bedrock and 
soil types, and vegetation types.  
Site Ultramafic island Number 
of plots
Altitude       
(m asl)
Soil type Vegetation type
11 2359 - 2534 Hypermagnesic cambisol Graminoid and shrub 
13 1466 - 2491 Montane inceptisol Short upper montane forest
2 Wuluh River 5 750 - 820 Serpentinitic entisol Pioneer shrub
3 Serinsim 3 474 - 671 Ferralitic oxisol (laterite) Very tall lowland forest
4 Mount Nambuyukon 2 1495 - 1839 Montane inceptisol Short upper montane forest
5 Panataran Valley 7 588 - 781 Serpentinitic entisol Shrub and forest
6 Marai Parai 11 1606 - 1753 Montane inceptisol Shrub and forest
7 Layang-Layang 10 2822 - 2950 Montane inceptisol Shrub
8 Mesilau 5 1909 - 2067 Montane inceptisol Short upper montane forest
9 Bukit Babi 4 1877 - 2286 Montane inceptisol Short upper montane forest
10 Bambangan 4 1683 - 2077 Montane inceptisol Short upper montane forest
11 Bukit Hampuan 4 963 - 1336 Montane inceptisol Short upper montane forest
12 Nalumad 4 754 - 836 Ferralitic oxisol (laterite) Very tall lowland forest
1
Mount Tambuyukon 
(slopes and summit)
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Table 9.2. Bedrock chemistry of 'edaphic islands' (elemental concentrations in µg/g or % as means 
and standard error of means). Results of the microwave-assisted digestion of rock samples with 
HNO3, HCl and HF.  
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Table 9.3. Soil chemistry of 'edaphic islands' (elemental concentrations in µg/g or mg/g* or 
cmol(+)/kg# as means and standard error of means). Abbreviations: 'total' is acid digest, 'ML-3' is 
Mehlich-3 extractable P, 'DTPA' is DTPA-extractable, 'direct.' is exchangeable with Sr(NO3)2 and 
'exch.' is exchangeable with silver-thiorea.  
Site Unit
n
pH - 5.9 ± 0.2 5.3 ± 0.1 5.8 ± 0.2 5.1 ± 0.1 5.3 ± 0.1 5.8 ± 0.2 5.5 ± 0.2
Al total mg/g 26 ± 2.1 13 ± 0.7 31 ± 3.4 12 ± 1.3 22 ± 1.4 13 ± 2.8 63 ± 15
Ca total µg/g 7083 ± 2409 879 ± 79 2422 ± 516 912 ± 68 740 ± 26 1014 ± 79 9832 ± 4182
Co total µg/g 283 ± 50 166 ± 15 324 ± 54 127 ± 23 78 ± 13 173 ± 71 18 ± 6
Cr total mg/g 4.4 ± 0.2 3.5 ± 0.4 5.3 ± 0.8 0.6 ± 0.1 3.4 ± 0.2 0.8 ± 0.1 0.4 ± 0.05
Fe total mg/g 122.0 ± 10.1 70 ± 6.7 150 ± 16 91 ± 8.5 81 ± 5.2 82 ± 10 53 ± 6.2
K total µg/g 89 ± 6.5 24 ± 64 93 ± 4.6 143 ± 35 47 ± 25 124 ± 19 36 ± 2.0
Mg total mg/g 38 ± 8.2 14 ± 1.4 25 ± 4.9 12 ± 3.2 24 ± 2.3 38 ± 12 22.7 ± 7.4
Mn total µg/g 3525 ± 773 2284 ± 212 3600 ± 600 1633 ± 286 795 ± 172 1828 ± 532 571 ± 280
Na total µg/g 122 ± 18 96 ± 19 119 ± 14 81 ± 9.2 107 ± 12 114 ± 22 120 ± 38
Ni total µg/g 1251 ± 222 353 ± 25 1455 ± 96 1011 ± 227 505 ± 73 1026 ± 186 116 ± 37
P total µg/g 106 ± 6.0 81 ± 5.3 118 ± 7.5 132 ± 20 66 ± 2.9 133 ± 14 91 ± 4.9
P ML-3 µg/g 1.6 ± 0.1 2.2 ± 0.2 2.6 ± 0.4 3.8 ± 1.1 1.6 ± 0.2 3.8 ± 0.6 3.0 ± 0.4
P Olsen µg/g 2.8 ± 0.4 2.8 ± 0.8 2.2 ± 0.3 6.2 ± 2.8 1.4 ± 0.3 3.4 ± 1.3
Co DTPA µg/g 11 ± 2.1 29 ± 2.1 22 ± 6.9 11 ± 1.4 3.5 ± 0.7 8.5 ± 2.7 9 ± 9
Mn DTPA µg/g 134 ± 27 410 ± 30 167 ± 36 182 ± 28 44 ± 10 102 ± 26 162 ± 117
Ni DTPA µg/g 51 ± 9 19 ± 2.4 68 ± 13 39 ± 7.9 17 ± 4.4 17 ± 4.0 12 ± 11
Al exch. cmol(+)kg 0.02 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.1 ± 0.04 0.1 ± 0.02 0.04 ± 0.01 0.9 ± 0.5
Ca exch. cmol(+)kg 1.1 ± 0.2 0.8 ± 0.2 2.4 ± 1.1 0.9 ± 0.2 0.3 ± 0.03 1.0 ± 0.2 3.2 ± 1.5
K exch. cmol(+)kg 0.1 ± 0.01 0.1 ± 0.01 0.1 ± 0.01 0.1 ± 0.01 0.0 ± 0.005 0.1 ± 0.01 0.01 ± 0.003
K bicarb. µg/g 35 ± 2.5 37 ± 3.4 64 ± 3.1 37 ± 4.1 44 ± 4 62 ± 2
Mg exch. cmol(+)kg 6.3 ± 2.5 1.3 ± 0.3 10.1 ± 3.2 1.8 ± 0.5 0.9 ± 0.2 4.7 ± 1.7 1.0 ± 0.4
Na exch. cmol(+)kg 0.5 ± 0.3 1.4 ± 0.6 1.4 ± 0.7 0.6 ± 0.2 0.1 ± 0.0 0.3 ± 0.1 0.2 ± 0.0
Mg:Ca - 5.5 ± 1.8 2.4 ± 0.6 18 ± 9.0 6.3 ± 2.6 3.4 ± 1.1 11 ± 5.6 0.9 ± 0.3
CEC cmol(+)kg 8.0 ± 2.5 3.6 ± 0.5 14 ± 3.3 3.4 ± 0.5 1.5 ± 0.2 6.0 ± 1.7 5.3 ± 1.6
C total wt% 3.3 ± 0.7 4.9 ± 0.3 3.9 ± 0.6 2.8 ± 0.3 2.9 ± 1.2
N total wt% 0.2 ± 0.0 0.3 ± 0.01 0.3 ± 0.03 0.2 ± 0.0 0.1 ± 0.0
C/N - 16 ± 1.6 19 ± 1.3 13 ± 0.8 13 ± 0.4 18 ± 3.6
Site Unit
n 65
pH - 5.6 ± 0.1 6.1 ± 0.1 4.6 ± 0.1 6.4 ± 0.1 4.8 ± 0.2 7.3 ± 0.2 4.6 ± 0.1
Al total mg/g 23 ± 4.0 5.6 ± 0.4 31 ± 1.5 30 ± 2.8 29 ± 1.6 5.0 ± 1.4 19 ± 2.2
Ca total µg/g 940 ± 88 815 ± 43 578 ± 30 9664 ± 1432 613 ± 39 2076 ± 742 541 ± 189
Co total µg/g 508 ± 58 429 ± 35 124 ± 52 210 ± 21 175 ± 73 144 ± 27 7.7 ± 0.9
Cr total mg/g 5.7 ± 0.6 2.5 ± 0.2 6.1 ± 1.7 2.3 ± 0.3 15.0 ± 1.2 2.2 ± 0.2 0.0 ± 0.0
Fe total mg/g 257 ± 19 196 ± 14 233 ± 44 120 ± 11 369 ± 27 60 ± 10 16.0 ± 2.5
K total µg/g 91 ± 3.8 93 ± 3.8 160 ± 30 104 ± 5.9 83 ± 4.9 82 ± 7.4 1065 ± 156
Mg total mg/g 6.5 ± 1.5 14 ± 3.8 0.6 ± 0.1 56 ± 7.4 1.8 ± 1.1 132 ± 11 1.9 ± 0.5
Mn total µg/g 6454 ± 942 5629 ± 487 3145 ± 1275 2857 ± 264 3046 ± 464 1810 ± 330 107 ± 35
Na total µg/g 93 ± 7.7 83 ± 8.8 79 ± 14 188 ± 19 77 ± 11 166 ± 17 55 ± 4.3
Ni total µg/g 2170 ± 241 1869 ± 169 902 ± 225 1442 ± 116 2796 ± 229 1927 ± 230 28 ± 7.4
P total µg/g 141 ± 5.8 98 ± 5.1 283 ± 13 151 ± 16 282 ± 17 76 ± 12 121 ± 9.5
P ML-3 µg/g 1.4 ± 0.1 1.0 ± 0.1 2.5 ± 0.4 2.9 ± 0.5 1.4 ± 0.1 2.1 ± 0.4 3.5 ± 0.8
P Olsen µg/g 2.2 ± 0.3 1.8 ± 0.2 3.9 ± 0.8 2.9 ± 0.9 3.5 ± 0.6 1.9 ± 0.5 8.3 ± 1.3
Co DTPA µg/g 38 ± 4.8 35 ± 3.2 7.2 ± 3.9 13 ± 2.6 9.5 ± 5.5 3.1 ± 1.1 0.3 ± 0.0
Mn DTPA µg/g 317 ± 35 403 ± 29 52 ± 27 160 ± 28 66 ± 30 40 ± 14 3.7 ± 1.1
Ni DTPA µg/g 46 ± 9.0 120 ± 11 5.2 ± 1.6 97 ± 13 19 ± 9.0 55 ± 19 0.3 ± 0.1
Al exch. cmol(+)kg 0.3 ± 0.1 0.01 ± ##### 1.3 ± 0.5 0.01 ± 0.00 0.04 ± 0.01 0.01 ± 0.001 3.7 ± 0.3
Ca exch. cmol(+)kg 0.9 ± 0.2 0.8 ± 0.1 0.3 ± 0.04 4.7 ± 0.6 0.4 ± 0.08 0.5 ± 0.1 0.6 ± 0.3
K exch. cmol(+)kg 0.1 ± 0.01 0.1 ± 0.01 0.1 ± 0.02 0.09 ± 0.01 0.08 ± 0.01 0.05 ± 0.01 0.09 ± 0.01
K bicarb. µg/g 40 ± 4 28 ± 3 70 ± 14 47 ± 5 66 ± 4 47 ± 6 67 ± 7.6
Mg exch. cmol(+)kg 1.7 ± 0.6 4.2 ± 0.7 0.2 ± 0.0 11 ± 2.4 0.9 ± 0.7 10 ± 3.1 0.1 ± 0.01
Na exch. cmol(+)kg 1.0 ± 0.3 1.0 ± 0.3 0.4 ± 0.4 0.68 ± 0.3 0.3 ± 0.2 0.1 ± 0.0 0.05 ± 0.01
Mg:Ca - 5.2 ± 1.8 6.5 ± 1.7 1.2 ± 0.6 4.4 ± 1.8 1.3 ± 0.5 27 ± 8.7 0.3 ± 0.03
CEC cmol(+)kg 4.0 ± 0.6 6.1 ± 0.7 2.3 ± 0.5 16.8 ± 2.4 1.7 ± 0.8 11 ± 3.1 4.6 ± 0.3
C total wt% 3.4 ± 0.4 3.3 ± 0.3 0.7 ± 0.4
N total wt% 0.2 ± 0.03 0.2 ± 0.02 0.03 ± 0.02
C/N - 16 ± 1.0 14 ± 0.5 85 ± 65
- -
- - 14 -
-
- -
- - 0.09 -
18 17
-
-
- -
- - 1.2
15 5
39 36 12 20
Nalumad Panataran Serinsim Wuluh River Non-ultramafic 
12 12 12 29 33
Bambangan Bukit Babi Bukit Hampuan Layang-
Layang
Marai Parai Mesilau Mount 
Nambuyukon
Mount Mount 
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Table 9.4. Leaf litter chemistry of 'edaphic islands' (elemental concentrations in µg/g as means and 
standard error of means). Results are from micro-wave assisted digestion with HNO3 and H2O2. 
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Table 9.5. Foliar chemistry of 'edaphic islands' (elemental concentrations in µg/g as means and 
standard error of means). Results are from micro-wave assisted digestion with HNO3 and H2O2. 
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Table 9.6. Pair-wise comparison of soil and foliar elemental concentrations (significant at p = <0.05 
indicated in red) using 3 soil samples per plot (n = 297) and 4-6 foliar samples per plot (n = 562).  
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 Abstract 
 
Mount Kinabalu is the world’s most species-rich hotspot with over 5000 plant species in an area of 
1200 km2. Locally, ultramafic soils support an extremely high level of plant diversity with 2854 
plant species in 742 genera and 188 families recorded (14 662 unique collections) from 87 plots. 
The results show that plant diversity decreases with altitude, but a mid-altitude (circum 1500 m) 
‘hump’ occurs for some plant groups (orchids, pteridophytes) as a result of the presence of montane 
cloud-forests. The vegetation analysis supports the distinction of six main vegetation classes with 
associated soil types: (1) Sub-alpine scrub, associated with skeletal hypermagnesian soils; (2) 
Graminoid shrub, similarly associated with skeletal hypermagnesian soils; (3) Montane cloud-
forest, associated with montane soils with mor humus; (4) Mixed-dipterocarp lowland forest, 
associated with deep laterite soils (oxisols); (5) Pioneer Casuarina scrub, associated with 
serpentinite soils; and (6) Mature mixed Casuarina forest, also associated with serpentinite soils. It 
was hypothesised that adverse soil chemistry would exacerbate vegetation stunting, and the results 
confirmed that stunted vegetation and altitudinal floristic compression occurs on adverse soils 
(mainly hypermagnesian soils). However, no clear correlation with plant diversity was found, as the 
most adverse soils on the summit of Mount Tambuyukon had up to 132 species per 250 m2. 
 
Keywords: edaphic filter, floristic zonation, serpentinite, vegetation physiognomy. 
1. Introduction 
 
The centre of plant diversity in Southeast Asia is Kinabalu Park (which includes Mount Kinabalu, 
4095 m) with >5000 species in 200 families and 1000 genera in an area of 1200 km2 (Beaman, 
2005). Three characteristics are thought to be the primary precursors for this exceptional plant 
diversity: (1) the isolation and extremely recent mountain formation; (2) the high geodiversity and 
the occurrence of ultramafic soils; and (3) the very high altitude and morphology (Beaman and 
Beaman, 1990, Beaman, 2005). The vegetation on ultramafic soils, though immensely varied, has 
several traits that are universally recognised when contrasted with vegetation on surrounding non-
ultramafic soils: (1) lower stature and lower biomass; (2) higher levels of endemism; and (3) 
distinct species composition (Whittaker, 1954; Brooks, 1987; Proctor, 2003). The aim of this 
research project was to characterise and classify the vegetation on ultramafic edaphic islands, in 
relation to soil chemistry and altitude. Specifically, it was hypothesised that: (1) overall plant 
diversity per unit area decreases with altitude, but this pattern shows a mid-altitude (circum 1500 
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m) ‘hump’ due to the presence of montane cloud-forests; (2) adverse soil chemistry compresses 
altitudinal floristic zonation. 
 
Ultramafic outcrops cover 3500 km2 in Sabah (Proctor et al., 1988; Repin, 1998) and 151 km2 in 
Kinabalu Park. Ultramafic outcrops were conceptualised as ‘edaphic islands’ of contrasting soil 
chemistry. In total, 87 non-permanent vegetation plots were established covering all major 12 
‘ultramafic edaphic islands’ known in Kinabalu Park. In each ‘island’, at least four plots were laid 
out, with plot sizes determined by altitude. The altitude ranged from 474–2950 m above sea level 
(asl).  
2. Materials and Methods 
 
2.1 Study localities 
 
Mount Kinabalu is located in Sabah (Malaysia) on the island of Borneo (at 6°5′N 116°33′E). The 
mountain is part of Kinabalu Park, which has an area of 754 km2, and also includes Mount 
Tambuyukon (2579 m asl). Ultramafic rock outcrops like a collar around the granite Kinabalu 
massif and forms Mount Tambuyukon, which is entirely ultramafic. The largest ultramafic outcrops 
in Kinabalu Park are Bambangan, Layang-Layang, Marai Parai, Panataran Valley and Bukit Babi. 
The outcrops range in size from 0.6 km2 (Mesilau) to 89 km2 (Mount Tambuyukon) (Table 10.1). 
Kinabalu Park has a humid tropical climate with a weak influence from the Asiatic monsoon, with a 
mean monthly air temperature of 20 °C throughout the year at 1680 m asl, and a daily fluctuation of 
7–9°C  (Kitayama, 1991). The temperature decreases with altitude with a lapse rate of 0.55°C per 
100 m (Aiba and Kitayama, 1999). Precipitation patterns are complex because of a mid-altitude 
cloud-zone, but differs little with altitude with mean annual rainfall of 2380 mm at 1560 m and 
2253 mm at 2700 m asl (Kitayama, 1991; Kitayama et al., 1998; Kitayama and Aiba, 2002). 
2.2 Plot census and collection of specimens 
 
In this study multiple small plots (n = >4) were set out at each ultramafic outcrop covering all 12 
main ‘ultramafic islands’ (Figure 10.1). Plots (n = 87 in total) were of different sizes sites to correct 
for increasing tree density but decreasing diversity with altitude: 400–1000 m asl: 20 x 100 m, 
1000–1600 m asl: 20 x 25 m and 1600–3000 m asl: 10 x 25 m. The plot locations were aimed at 
capturing the variability within each 'island'. The total aggregate plot area was 34 250 m2. In each 
plot, samples of all vascular plants and ferns (including epiphytes) were collected and processed as 
herbarium specimens and vouchers. Plant specimens were also collected outside the plots if 
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additional flowering material was required to aid identification, as well as to obtain a more 
complete inventory of plant species in each ‘island’ (but these collections were kept separate from 
the data analysis). In total, 28 897 plant specimens (14 662 unique collections) were collected from 
the plots. All trees >4.8 cm dbh (= 15 cm diameter) were enumerated and voucher specimens 
collected for identification purposes. The fieldwork was undertaken between January 2011 and 
September 2012. 
2.3 Identification of plant species 
 
Plant and voucher specimens were identified at the Sabah Parks Herbarium (SNP) and the 
Herbarium of the Sabah Forestry Department (SAN), and by specialists from the Kew (K), Leiden 
(L) and Singapore (SING) herbaria. Unidentified specimens were collated as ‘morpho-species’ and 
numbered. However, virtually all (>99%) specimens were identified to family level and the vast 
majority (>90%) to genus level or species level (70%). The identifications were checked against the 
enumeration of the flora on Mount Kinabalu (Parris et al., 1992; Wood et al., 2011; Beaman and 
Beaman, 1998; Beaman et al., 2001; Beaman and Anderson, 2004), and updated using name 
conventions provided on The Plant List (http://www.theplantlist.org/) and family classification 
following APG III (Angiosperm Phylogeny Group, 2009). All collections were compiled in a 
MySQL database system for data management.  
2.4 Soil chemistry 
 
In each plot, three soil samples were collected at a depth of 10–20 cm from the surface. Samples 
were air-dried and sieved to <2 mm. Sub-samples of 300 mg were digested using Aqua Regia in a 
digestion block to give total concentrations. Soil pH was obtained in a 1:2.5 soil: water mixture. 
Exchangeable Ni, Co, Cr and Mn were extracted in 0.1M Sr(NO3)2 at a soil:solution ratio of 1:4 and 
2 hours shaking time. Phytoavailable Ni, Co, Cr and Mn were extracted with Diethylene triamine 
pentaacetic acid (DTPA), with no TEA, buffered at pH 5.3 and soil:solution 5g:25mL. Plant-
available phosphorus was extracted with the Mehlich-3 method and the Olsen-P. Bicarbonate-
extractable K was extracted. Exchangeable cations were extracted with silver- over 16 hours. The 
supernatants were analysed with ICP-AES (Varian Vista Pro II).  
2.5 Statistical analyses 
 
Analysis of biodiversity and environmental data was carried out in PRIMER (v. 6.0), CANOCO (v. 
5) and Microsoft Excel (v. 2011). The data was transformed (square root for pH, Al, Ca, Co, Mn, 
Ni, K, P), normalised (environmental variables) and standardised (tree species abundance) to 
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improve normality and homoscedasticity. The vegetation was classified by performing an analysis 
of similarity (Bray-Curtis distance) followed by hierarchical clustering, and plotting an NMDS of 
the species occurring per plot (presence/absence), separately on the level of families, genera and 
species. The clusters were then grouped as plots and the SIMPER function in PRIMER 6 was used 
to calculate individual contributions of species to the similarity and dissimilarity between groups. 
This was then tested for significance using ANOSIM. The whole procedure was repeated for the 
quantitative (abundance) data of all the trees per plot. The plot sizes were not standardised in the 
vegetation classification but rather taken as a single sample. For the tree species abundance, the 
volume was used (calculated using the FAO-formula as: Volume = 0.42 * basal area * height) 
because it takes into account both diameter at breast height and the height of the trees, hence 
correcting for the bias because of the lower stature of trees with increasing altitude. Relationships 
between species data and environmental and soil data were analysed using Canonical 
Correspondence Analysis (CCA) in CANOCO 5. The demarcation of altitudinal intervals of the 
occurrence of plant families was calculated on the basis of the number of plots by altitude (which 
does not show a regular interval between circa 400–2900 m asl). Finally, a map was produced in 
ArcGIS 10 using Landsat (NASA, United States) data. 
3. Results 
 
3.1 Vegetation physiognomy and altitudinal floristic zonation 
 
Plant structural and composition (leaf size classes, density, tree basal area and volume, and major 
floristic groups) attributes of the ‘ultramafic edaphic islands’ are given in Table 10.2, whereas plant 
diversity indices are given in Table 10.3. Serinsim and Nalumad have multi-layered tall forests 
with three strata, whereas the lower and upper montane forest has one stratum (various locations), 
and ligneous and graminoid shrub at Layang-Layang and Mount Tambuyukon (summit) has no 
closed canopy. Leaf size classes range from macrophyll (lowland forest) to microphyll (upper 
montane forests) to nanophyll (sub-alpine zone). Epiphytes are most abundant in the upper montane 
(cloud) forest, a consequence of favourable climatic conditions (high humidity and precipitation) 
and dense vegetation structure. The lowland forests are tallest (mean canopy >50 m) and have high 
basal area (up to 118 m2/ha) and low density (1525 and 1718 trees/ha, respectively, for Nalumad 
and Serinsim), whereas the highest tree density (up to 4618 trees/ha at slopes of Mount 
Tambuyukon) occurs in the upper montane forest (mean canopy <10 m). Although vegetation 
stunting on tropical ultramafic soils is well documented (Proctor et al., 1988; Bruijnzeel et al., 1993; 
Proctor, 2003), it is less well known that tropical ultramafic soils can host very tall stature forest.  
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Nalumad, where trees are up to 70 m tall and with a tree volume of 1989 m3/ha, demonstrate that 
despite the low-nutrient soils forests can be highly productive. This could be explained by the 
relatively benign soil chemical characteristics of deep laterite soils (compared to, for example, 
serpentinite soils), not unlike many non-ultramafic soils derived from sedimentary bedrock. This is 
in contrast with the lowest tree volume in the graminoid shrub at Mount Tambuyukon (summit) 
with just 10 m3/ha, and several plots with no trees at all. There are weak correlations between 
altitude and tree density (r = 0.20 at p 0.09) and altitude and basal area (r = - 0.30 at p 0.008).  
 
Figure 10.2 shows frequency distribution of plant groups over altitude. Overall, plant diversity 
decreases with increasing altitude; this also applies to trees-ligneous shrub species diversity and 
palms-rattan species diversity. However, the number of pteridophytes, orchids, grasses-cyperoids 
and ground herbs are indicative of the ‘cloud-zone’ in the upper montane forest, with maximum 
taxon diversity in the 1332–1753 m asl zone. These results confirm earlier reports that maximum 
diversity of pteridophytes and orchids is around 1500 m asl (Beaman and Beaman, 1990). The 
greatest numbers of orchid and pteridophyte species are found at Mount Tambuyukon (slopes), 
Mesilau and Bambangan, whereas they are almost absent at Nalumad and Serinsim (lowland 
forest), and are also sparse at Panataran Valley and Wuluh River (due to locally xeric conditions). 
The gymnosperms remain highly diverse between 1332–2534 m asl. The maximum number of 
species of carnivorous plants (Nepenthes, Drosera, Utricularia) occurs in the 2206–2534 m asl 
zone, as a result if the combination of favourable climate (very wet) and low competition (stunted 
open vegetation). 
3.2 Vegetation classification 
 
Figure 10.3 is an NMDS incorporating all 'islands' with altitude, tree density, tree volume/ha and 
tree genera as vectors. There is an overall opposite trend between altitude and tree volume, with the 
highest volume in the lowland forest (Serinsim and Nalumad). Further, the number of tree genera 
increase with tree density in many (but not all) plots. Tree density is highest at mid-altitude, 
whereas basal area largely follows the same trend as tree density, except at low altitude (Serinsim, 
Nalumad, Wuluh River and Panataran Valley) where density is low but basal area very high. No 
overall pattern can be observed when comparing species richness with altitude (although there is a 
weak correlation r = 0.25 at p 0.03). The vegetation was classified by analysis of similarity (Bray-
Curtis distance), hierarchical clustering, and plotted in the NMDS (Figure 10.3) for the total 
number of vascular plant species (presence/absence) at the taxonomic level of genera. The 
classification supports the distinction of six vegetation classes: (1) Sub-alpine scrub; (2) Graminoid 
shrub; (3) Montane cloud-forest; (4) Mixed-dipterocarp lowland forest; (5) Pioneer Casuarina 
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shrub; and (6) Mature mixed Casuarina forest. The demarcation of the vegetation classes is very 
similar using the taxonomical levels of both genera and species, as well as by using quantitative tree 
(data not shown, but see CCA-analyses later). The NMDS graphs display a large ‘montane plane’ at 
the centre of the NMDS. This cluster encompasses microphyll lower montane and upper montane 
forest at Mesilau, Bukit Babi, Bambangan and Mount Tambuyukon (slopes), and mainly encloses 
the ‘Montane Cloud-forest’ vegetation class. Another ‘plane’ runs alongside the main ‘montane 
plane’ in the NMDS; that of Marai Parai and Mount Tambuyukon (summit Two further ‘planes’ run 
alongside the main ‘montane plane’ in the NMDS: those of Marai Parai, and those of Layang-
Layang. Marai Parai, a locality with a mosaic of landslides, has a graminioid shrub, that although 
similar in appearance to Mount Tambuyukon (summit) has floristic affinities with nanophyll 
Casuarina-forest, and upper montane forest (older landslides) to graminoid scrub (young 
landslides). In the graminoid shrub, the local abundance of pitcher plants N. rajah and villosa 
(Nepenthaceae) is typical. Many of the dwarf shrubs of the graminoid vegetation occur as larger 
trees on lower altitudes, for example, Leptospermum javanicum, Dacrydium gibbsiae, Schima 
wallichii and Tristaniopsis elliptica can be stunted shrubs barely 30 cm tall, but grow as trees up to 
>10 m on the lower slopes. The graminoid vegetation of Mount Tambuyukon (summit) and Marai 
Parai is enclosed in the ‘Graminoid shrub’ vegetation class. The extension of the ‘montane plane’ in 
the NMDS consists of plots at Layang-Layang with vegetation that ranges for stunted microphyll 
upper montane forest to species-poor leptophyll short forest (with virtually only Leptospermum 
recurvum and Dacrydium gibbsiae), and at the highest altitudes graminoid vegetation and 
herbaceous tufts. The latter is enclosed in the ‘Sub-alpine scrub’ vegetation class. 
 
The NMDS further shows a ‘lowland plane’ from tall multi-layered mesophyll forest (Nalumad, 
Serinsim) to nanophyll Casuarina forest (Panataran Valley, Wuluh River), enclosing the ‘Mixed-
dipterocarp lowland forest’, ‘Pioneer Casuarina shrub’, and ‘Mature mixed Casuarina forest’ 
vegetation classes. The vegetation on serpentinite soils (Panataran Valley, Wuluh River) is 
distinctly xeric and dominated by Casuarinas and a high frequency of myrmecophytes ('ant plants' 
in the genera Hydnophytum, Myrmecodia, Dischidia).  
 
The relative contributions of tree species (presence/absence) and quantitative tree data to the six 
vegetation classes are given in Tables 10.4 and 10.5. The results from the SIMPER-analysis using 
the presence/absence data are in effect a measure of fidelity (as it counts and analyses individual 
occurrences per plot). Each species has therefore similar ranking (regardless of abundance in the 
plots), as opposed to the analysis of tree and woody shrub species using quantitative tree data which 
are ranked according to dominance. This results in apparent differences; for example, in ‘Graminoid 
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shrub’ and ‘Sub-alpine scrub’ with the locally very common Dacrydium gibbsiae and 
Leptospermum recurvum, and in the ‘Mixed-dipterocarp lowland forest’ by the presence of very 
large individuals of Shorea laevis and Shorea venulosa. However, in the ‘Pioneer Casuarina shrub' 
Macaranga kinabaluensis and Ceuthostoma terminale are indicative in both SIMPER-analyses. 
Mixed types also occur; for example, Bukit Hampuan (963–1336 m asl) on strongly serpentinised 
montane soils is intermediate to tall multi-layered mesophyll forest and nanophyll Casuarina forest, 
and similar to Mount Nambuyukon (1495–1839 m asl). At Bukit Hampuan and Mount 
Nambuyukon, Gymnostoma sumatranum and G. nobile are replaced by Ceuthostoma terminale (all 
Casuarinaceae) and a similar situation occurs at Bambangan (1683–2077 m asl).  
3.3 Links between environment and soil and vegetation types 
 
Canonical Correspondence Analysis  (CCA) was performed on quantitative tree genera (using tree 
volume) for the plots, and the explanatory variables (altitude and soil chemistry) accounted for an 
explained variation of 29.4% (permutation tests show that all canonical axis are significant with a 
pseudo-F ratio of 2.8 at p = 0.002), and the graph is shown in Figure 10.4. This graph closely 
resembles the NMDS graphs in Figures 10.3, with the Graminoid shrub clustered within the 
Montane Cloud-forest class, and the Sub-alpine scrub forming a narrow extension from that class, 
whereas Pioneer Casuarina shrub forms part of the Mature Mixed Casuarina Forest, and the Mixed 
Dipterocarp forest aligns, but departs from that class. The CCA made it possible to link altitude and 
soil chemistry to the vegetation classes and to calculate indictor genera. This clarifies that Montane 
Cloud-Forest - Graminoid shrub - Sub-alpine scrub have similar soil chemistries, and that their 
occurrence is primarily altitude driven (Dacrycarpus, Phyllocladus and Tristaniopsis at the lower 
altitudinal end and Leptospermum and Dacrydium at the higher altitudinal end). Opposite the 
altitudinal vector are Mixed Dipterocarp forest and Pioneer Casuarina shrub - Mixed Mature 
Casuarina forest, which depart in different directions under the influence of soil chemistry: towards 
the Fe and Ni (total) and Al and K (exchangeable) vectors for Mixed Dipterocarp forest, and 
towards the Ca and Mg (exchangeable), Ni (DTPA-extractable) and pH vectors for Mixed Mature 
Casuarina forest. In the latter the genera Buchanania, Rhaphiolepis, and Ceuthostoma are 
indicative, whereas in the former Beilschmiedia, Shorea and Aquilaria are indicative. 
 
Similarly to quantitative tree genera data, a CCA was also performed on all vascular species data 
(presence/absence) and environmental factors (altitude and soil chemistry), and the total adjusted 
explained variation was 10.3% (permutation test results yielded a pseudo-F value of 1.5 at p = 
0.002), see Figure 10.5. These results very closely match those of the CCA in Figure 10.4, and 
classification and relative position of the classes, as well as edaphic controls and altitudinal vectors, 
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remain largely unchanged. The results suggest that, for the purpose of vegetation classification and 
associated edaphic and environmental interactions, census of only tree genera performs equally to a 
full census. 
3.4 Interactions between plant diversity and soil chemistry 
 
Table 10.6 shows the soil chemistry associated with the main vegetation classes. Two types of soils 
(hypermagnesian soils and serpentinite soils) are the most adverse in terms of their chemical 
properties. Hypermagnesian soils occur at Layang-Layang and the summit zone of Mount 
Tambuyukon, whereas the serpentinite soils occur at the Panataran Valley and Wuluh River. 
Hypermagnesian soils are characterised by extremely high phytoavailable Ni and Mn, high 
exchangeable Mg and slightly acidic pH (5.5–6.5), and occur in the upper montane and sub-alpine 
zone (2400–3150 m asl). Although potentially adverse in terms of potential phytotoxic effects and 
contributes to the extreme stunting of the vegetation stature (‘Graminoid shrub’), the vegetation is 
exceptionally species-rich at Mount Tambuyukon. However, at Layang-Layang, the ‘Sub-alpine 
scrub’ is very species-poor and mono-dominated by Dacrydium gibbsiae and Leptospermum 
recurvum. Serpentinite soils are characterised by extremely high Mg:Ca molar quotients (mean 27 ± 
8.7, locally up to 136) and alkaline pH (7.5–9.5), and occur in the lowland zone (300–800 m asl). In 
areas of low to moderate relief, deep soils develop over serpentinite bedrock, but where rivers cut 
through substantive serpentinite outcrops (such as at the Panataran Valley and Wuluh River), 
cascading landslides continuously set back vegetation succession (ranging from ‘Pioneer Casuarina 
shrub’ to ‘Mature mixed Casuarina forest’). The vegetation on such serpentine soils is readily 
recognizable by the dominance of Casuarinas (Gymnostoma sumatranum and G. nobile). At higher 
altitude (1200–1800 m asl), a montane variant occurs at Bambangan and Mesilau with strongly 
serpentinised bedrock and here, another Casuarina (Ceuthostoma terminale) occurs. Total C and N 
analysis was undertaken on a subset of samples and showed that the serpentine soils (Wuluh River) 
have extremely low N concentrations (0.03 ± 0.02 % dry wt. versus 0.22 ± 0.01 % dry wt. for all 
plots), which could explain the dominance of Casuarina trees that have nitrogen-fixing nodules 
(Dommergues et al., 1990). Figure 10.6 has two pie-charts of plots at similar altitudes but 
contrasting ultramafic soil chemistry: Wuluh River (780 m asl) on serpentinite soils (‘Mature mixed 
Casuarina forest’) and Serinsim (670 m asl) on laterite (oxisol) soils (‘Mixed-dipterocarp lowland 
forest’). 
 
The montane inceptisols are the most widespread soils and associated with the ‘Montane cloud-
forest’ in Kinabalu Park. The tree density is generally high and these ecosystems have high species 
diversity, particularly in epiphytes such as orchids. The vegetation is typical for this altitudinal 
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zone, and dominated by trees in the families Myrtaceae, Fagaceae, Podocarpaceae and Rubiaceae. 
The vegetation, however, differs little from soils derived from non-ultramafic bedrock in the same 
area, although physiognomy is often more stunted on the ultramafic soils for reasons not fully 
understood. Strongly serpentinized soils at high altitude (Bukit Hampuan, Bambangan, Mesilau) 
have montane inceptisols, but are much more base-rich (CEC, pH) and have higher Mg:Ca molar 
quotients compared to peridotite-derived ultramafic soils or non-ultramafic soils. These localities 
host extremely species-rich vegetation, suggesting that the more base-rich conditions may somehow 
ameliorate adverse soils conditions (reduce peat formation, reduce acidification, increased N-
mineralisation) and are hence more conducive to being able to host diverse plant-assemblages. 
4. Discussion 
 
In the introduction it was hypothesized that: (1) Plant diversity decreases with altitude, but 
predicted a mid-altitude ‘hump’; (2) Adverse soil chemistry compresses altitudinal floristic zonation 
and is reflected in foliar chemistry and leaf litter chemistry. These hypotheses are discussed in light 
of the results of this study separately below. 
4.1 The altitudinal filter: plant diversity and floristic zonation (hypothesis 1) 
 
The complex geodiversity, morphology, altitude and local climate all contribute to the mosaics of 
vegetation types in Kinabalu Park. The flora of the area, as a result, is extremely localised, and 
many vegetation types occur only at one location. The results show that ultramafic soils support 
extreme plant diversity with 2854 plant species in 742 genera and 188 families recorded (14 662 
unique collections). This represents over 50% of the total flora of the area in the 87 vegetation plots 
studied. The predicted mid-altitude increase in diversity of some groups, but not overall plant 
diversity, due to the occurrence of Montane cloud-forests is supported by the findings., This also 
finds support in records of plant collections with 661 genera and 1925 species and infra-specific 
taxa recorded from circum 1500 m asl (Beaman and Beaman, 1990; Grytnes and Beaman, 2006). 
Edaphic filters locally have a major impact on plant diversity. Two extremes in plant diversity stand 
out: Mixed-dipterocarp lowland forest at Serinsim and Nalumad (474-836 m asl) and Graminoid 
shrub on Mount Tambuyukon and at Bambangan (1683–2400 m asl). The plots with the highest 
number of families/genera/species are at Serinsim with 80/173/285 and Bambangan with 
55/100/162. Note that the plot at Serinsim (0.2 ha) is nearly 10-fold larger than the plot at 
Bambangan (0.025 ha). It is well known that the lowland mixed dipterocarp forest in Borneo is 
extremely species-rich (Palmiotto, et al., 2008; Ashton, 2004; 2010), as illustrated by the 52 hectare 
plot at Lambir Hills (Sarawak) with a total of 1182 trees species (Lee et al., 2013), the most species-
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rich forest globally. However, the extraordinary species-richness of the high-altitude Graminoid 
shrub has not previously been documented. 
4.2 The edaphic filter: plant diversity and altitudinal compression (hypothesis 2) 
 
Altitude is an over-arching factor influencing the distribution of plant species in the study area. 
However, within an altitudinal range, edaphic factors ‘filter’ the distribution of plant species. 
Comparing plots within the same altitudinal range, but with radically different soil chemistries, 
shows that in the lowland range, the Mixed-dipterocarp lowland forest on laterite soils differs 
radically from the Mature mixed Casuarina forest on serpentinite soils in species composition, 
diversity metrics and physiognomy. For example, comparing Serinsim (laterite soils) with nearby 
Wuluh River (serpentinite soils), at roughly the same altitude (range for both sites 474–820 m asl) 
showed a similar tree density (1718 and 1770 trees/ha), but almost a 10-fold tree volume at 
Serinsim (1153 and 129 m3/ha respectively). The flora has very little overlap in species (29% at the 
level of genera and 10% at the level of species), and diversity figures are also very different with 
100/248/505 and 77/163/268 families/genera/species for Serinsim and Wuluh River, respectively. 
Elsewhere, for example on Bukit Hampuan, the unusual geology (strongly serpentinised bedrock) 
has stimulated the occurrence of a unique mix of lowland, lower montane and upper montane 
floristic elements, with high diversity and local endemicity. 
 
The lack of correlations between foliar elemental concentrations and soil chemistry might be 
explained by: (1) different ecophysiological behaviour in elemental uptake by plants; (2) the 
presence of micro-gradients in the soil chemistry over the plots; and/or (3) the inadequacy of 
extractable and exchangeable soil extraction methods for predicting long-term plant uptake. 
5. Conclusion 
 
Vegetation classification is immensely challenging in tropical regions because of the levels of plant 
diversity and complexity (>5000 plant species in 1200 km2 in Kinabalu Park). This necessitates 
exceedingly large sample sizes (very large plots and many replicates), conditions that are practically 
impossible to realise. This is further complicated by the fact that the flora of Kinabalu Park is 
extremely localised, and many specific plant communities occur only at one location. Montane 
forests in particular form a complex mosaic as a function of exposure, slope gradient, soil depth, 
and topography. Some generalisations can be made about major vegetation types, however, and this 
study defined six main vegetation classes in the study area on ultramafic soils in Kinabalu Park. 
These classes represent the ‘extremes’; for example, the Mixed-dipterocarp lowland forest on 
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laterite soils on the one hand, and Mature mixed Casuarina forest on the other. These forests have 
entirely contrasting species composition with virtually no overlap, but occur in the same altitude 
range, but on different (ultramafic) soils; hence the ‘edaphic filter’ must be responsible for these 
differences. In reality, many intermediate vegetation types exist, and in some cases such ‘mixed’ 
occurrences have the highest plant diversity locally as, for example, at Bukit Hampuan. This is 
hardly surprising as environmental gradients, in general, often stimulate overall plant diversity by 
increasing beta-diversity (Grime, 1979; Austin, 1987; Ashton, 1989; Pausas and Austin, 2001).  
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Figure 10.1. Map of the study area with the 'ultramafic edaphic islands' indicated (yellow lines 
depict ultramafic geology). Plots are indicted by coloured closed circles. The boundary of Kinabalu 
Park is outlined with a red line whereas yellow lines demarcate approximate ultramafic geology.  
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Figure 10.2. Frequency distribution of plant groups over altitude. Frequency bins were determined 
by altitudinal sections of plots. Carnivorous plants n = 126 records, Pteridophytes n = 424 records, 
Grasses and Cyperoids n = 289 records, Gymnosperms n = 233 records, Ground-herbs n = 439 
records, Orchidaceae n = 843 records, Palm and rattans n = 142 records, Trees and ligneous shrubs 
n = 4432 records and Total species n = 6928. Top graph shows Carnivorous plants, Pteridophytes, 
Grasses and Cyperoids, Gymnosperms, Ground-herbs and Palm and rattans. Bottom graphs shows 
Trees and ligneous shrubs, Orchidaceae, and Total species. 
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Figure 10.3. NMDS of plant species (taxonomic level of genera) of all the 'ultramafic edaphic 
islands' using presence/absence data. The markings in the top graph show plots in the 'ultramafic 
edaphic islands' whereas the bottom graph shows identical plots, but marked as main vegetation 
class.
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Figure 10.4. Canonical Correspondence Analysis (CCA) using quantitative tree genera (tree 
volume in m3) and environmental factors (altitude and soil chemistry). Indicative tree genera (as 
‘best fitting’ explanatory variables) are marked. The main vegetation classes are marked with 
coloured lines (based on classified plots).  
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Figure 10.5. Canonical Correspondence Analysis (CCA) using all vascular species 
(presence/absence data) and environmental factors (altitude and soil chemistry). The main 
vegetation classes are marked with coloured lines (based on classified plots).  
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Figure 10.6. Pie-charts of two plots at similar altitudes but contrasting ultramafic soil chemistry: 
Wuluh River (780 m asl) on serpentinite soils and Serinsim (670 m asl) on laterite (ferralitic oxisol) 
soils. 
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Table 10.1. Overview of 'ultramafic edaphic islands' and plot locations and sizes with bedrock and 
soil types, and vegetation types.  
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Table 10.2. Plant structural and composition (leaf size classes, density, tree basal area and volume, 
and major floristic groups) attributes of the ‘ultramafic edaphic islands’.  
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Table 10.3. Plant diversity (number of families/genera/species, diversity indices) attributes of the 
‘ultramafic edaphic islands’ 
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Table 10.4. Relative contributions of tree species to main vegetation types (SIMPER-analysis).  
Graminioid shrub: average similarity: 30.50
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.%
Myrsine aralioides 0.94 1.67 2.35 5.47 5.47
Dacrydium gibbsiae 0.94 1.67 2.35 5.47 10.95
Leptospermum javanicum 0.88 1.45 1.68 4.76 15.71
Costularia pilisepala 0.82 1.29 1.33 4.23 19.94
Ilex oppositifolia 0.82 1.2 1.36 3.92 23.86
Tristaniopsis elliptica 0.76 1.02 1.12 3.35 27.22
Machaerina falcata 0.71 1.01 0.91 3.32 30.54
Isachne clementis 0.71 0.93 0.93 3.05 33.59
Scaevola verticillata 0.71 0.91 0.92 2.98 36.57
Nepenthes rajah 0.71 0.87 0.95 2.85 39.41
Dianella ensifolia 0.65 0.76 0.8 2.49 41.91
Pteris rangiferina 0.65 0.72 0.8 2.37 44.27
Calamus gibbsianus 0.65 0.69 0.81 2.25 46.53
Lithocarpus rigidus 0.65 0.67 0.81 2.19 48.71
Styphelia malayana 0.59 0.61 0.68 2 50.71
Montane cloud-forest: average similarity: 21.32
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.%
Syzygium sp. 0.83 0.71 1.36 3.35 3.35
Tristaniopsis elliptica 0.77 0.62 1.14 2.91 6.25
Phyllocladus hypophyllus 0.74 0.59 1.04 2.78 9.03
Vaccinium claoxylon 0.71 0.57 0.97 2.67 11.7
Calamus gibbsianus 0.74 0.56 1.05 2.62 14.32
Dacrydium gibbsiae 0.69 0.51 0.89 2.4 16.72
Lithocarpus rigidus 0.66 0.42 0.83 1.98 18.7
Podocarpus gibbsii 0.57 0.35 0.67 1.63 20.33
Symplocos pendula 0.54 0.32 0.62 1.5 21.83
Leptospermum javanicum 0.51 0.3 0.58 1.41 23.25
Nepenthes tentaculata 0.57 0.3 0.67 1.4 24.65
Psychotria bangueyensis 0.54 0.3 0.61 1.39 26.04
Myrsine aralioides 0.54 0.29 0.62 1.37 27.41
Schima brevifolia 0.51 0.28 0.57 1.34 28.75
Xanthomyrthus flavida 0.54 0.28 0.62 1.31 30.06
Mixed-dipterocarp lowland forest: average similarity: 14.28
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.%
Syzygium sp. 0.83 0.69 1.32 4.86 4.86
Stemonurus malaccensis 0.67 0.41 0.79 2.89 7.75
Calophyllum gracilipes 0.67 0.41 0.8 2.87 10.63
Syzygium bankense 0.67 0.41 0.8 2.87 13.5
Xanthophyllum purpureum 0.67 0.41 0.8 2.87 16.37
Hopea beccariana 0.58 0.35 0.67 2.43 18.8
Knema cinerea 0.58 0.35 0.67 2.43 21.23
Canthium confertum 0.58 0.34 0.63 2.36 23.59
Syzygium caudatilimbum 0.58 0.33 0.63 2.3 25.89
Cleistanthus myrianthus 0.83 0.32 0.59 2.26 28.15
Madhuca prolixa 0.58 0.28 0.64 1.94 30.08
Xanthophyllum flavescens 0.5 0.25 0.5 1.74 31.82
Chionanthus laxiflorus 0.5 0.22 0.5 1.52 33.34
Croton argyratus 0.5 0.2 0.51 1.43 34.77
Shorea laevis 0.5 0.2 0.51 1.39 36.16
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Table 10.5. Relative contributions of tree species to main vegetation types (SIMPER-analysis). 
 
Graminioid shrub: average similarity: 14.60
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.%
Dacrydium gibbsiae 0.09 8.75 0.72 59.93 59.93
Leptospermum recurvum 0.02 4.73 0.57 32.37 92.3
Montane cloud-forest: average similarity: 13.15
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.%
Tristaniopsis elliptica 0.44 3.75 0.57 28.52 28.52
Dacrydium gibbsiae 0.24 3.67 0.44 27.92 56.43
Leptospermum javanicum 0.08 1 0.32 7.59 64.02
Quercus lowii 0.15 0.71 0.33 5.38 69.4
Phyllocladus hypophyllus 0.09 0.67 0.37 5.13 74.53
Podocarpus gibbsii 0.12 0.57 0.33 4.37 78.9
Agathis kinabaluensis 0.2 0.47 0.16 3.59 82.5
Dacrycarpus imbricatus 0.13 0.44 0.24 3.33 85.83
Leptospermum recurvum 0.08 0.37 0.22 2.84 88.67
Lithocarpus rigidus 0.04 0.2 0.35 1.52 90.19
Mixed-dipterocarp lowland forest: average similarity: 5.74
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.%
Shorea laevis 25.46 2.17 0.22 37.86 37.86
Shorea venulosa 6.69 0.89 0.21 15.45 53.31
Calophyllum gracilipes 0.36 0.27 0.47 4.66 57.97
Agathis borneensis 2.9 0.25 0.12 4.31 62.28
Shorea pauciflora 0.39 0.19 0.12 3.27 65.54
Gluta wallichii 0.96 0.18 0.21 3.17 68.71
Hopea beccariana 0.49 0.18 0.26 3.15 71.87
Gymnostoma sumatranum 0.92 0.16 0.12 2.81 74.67
Syzygium sp. 4 0.38 0.15 0.12 2.56 77.23
Syzygium bankense 0.3 0.12 0.31 2.02 79.26
Pioneer Casuarina shrub: average similarity: 11.25
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.%
Ceuthostoma terminale 0.4 8.89 0.52 79.01 79.01
Macaranga kinabaluensis 0.05 1.63 0.56 14.51 93.52
Mature mixed Casuarina forest: average similarity: 16.78
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.%
Ceuthostoma terminale 4.59 14.34 0.75 85.48 85.48
Dacrydium pectinatum 0.32 0.38 0.12 2.27 87.75
Borneodendron aenigmaticum 0.24 0.32 0.12 1.9 89.65
Tristaniopsis microcarpa 0.13 0.28 0.15 1.69 91.34
Sub-alpine scrub: average similarity: 43.24
Species Av.Abund Av.Sim Sim/SD Contrib% Cum.%
Leptospermum recurvum 0.66 42.97 1.87 99.39 99.39
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Table 10.6. Soil chemistry associated with main vegetation classes (elemental concentrations in 
µg/g or mg/g* or cmol(+)/kg as means and standard error of means). Abbreviations: 'total' is acid 
digest, 'ML-3' is Mehlich-3 extractable P, 'DTPA' is DTPA-extractable, ‘bicarb.t’ is NaHCO3-
extractable, and 'exch.' is exchangeable with silver-thiorea.Mehlich-3 extractable P, 'DTPA' is 
DTPA-extractable, 'direct.' is exchangeable with Sr(NO3)2 and 'exch.' is exchangeable with silver-
thiorea.  
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Abstract 
 
Centrally located in the Malesian region, Borneo contains an estimated 15 000 plant species of 
which over 5000 in Kinabalu Park. Ultramafic outcrops (iron-magnesium-nickel-rich mantle rocks) 
inside Kinabalu Park support an extremely high level of plant diversity. It was hypothesised that the 
relative proportion of (locally) obligate ultramafic species, and endemic species, would increase 
with altitude and exacerbated on more chemically adverse soils. The results showed that the highest 
levels of (locally) obligate ultramafic species and endemics were found on hypermagnesian and 
serpentinite soils, despite major differences in altitudinal occurrence and hence climate, soil 
chemistry and vegetation community composition. These soils are however the most extreme in 
their chemical properties with extremely high phytoavailable Ni, Co, Mn and Mg (hypermagnesian 
soils) and extremely high exchangeable Mg, low exchangeable K, very low soil N and alkaline pH 
(serpentinite soils). In both instances, the extreme soil chemistry has caused the occurrence of 
vegetation stunting and open canopies. The obligate ultramafic species and endemics are all species 
that require intense insolation and low competition. Although most of the vegetation types in which 
they occur are protected within Kinabalu Park, the extreme localisation means that potential future 
catastrophic events, such as major forest fires, known to occur periodically and associated with 
intense El-Niño induced droughts and climate change, could threaten these populations and 
potentially lead to extinction. 
 
Keywords: endemic, hypermagnesian soils, obligate ultramafic, serpentinite soils. 
1. Introduction 
 
Centrally located in the Malesian region (the biogeographical region encompassing Indonesia, 
Malaysia, Philippines and New Guinea), Borneo is the world’s second largest tropical island, 
Borneo, contains an estimated 15 000 plant species among which about 3000 tree species 
(MacKinnon et al., 1996). The Borneo lowlands have the highest estimated plant species richness in 
the world with >10 000 species (Kier et al., 2005) and the state of Sabah, in the northern part of 
Borneo Island, is one of the world’s five plant diversity hotspots (Barthlott et al., 2005). The centre 
of local plant diversity is Kinabalu Park (which includes Mount Kinabalu, 4095 m) with >5000 
species in 200 families and 1000 genera in an area of 1200 km2 (Beaman, 2005). The flora of 
Kinabalu has the greatest concentration of orchid species on earth with 127 genera and 856 species 
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and infraspecific taxa (Wood et al., 2011). The ferns are also very speciose, with 609 species 
recorded to date, more than the continent of Africa (Parris et al., 1992).  
 
Ultramafic soils have high concentrations of iron and magnesium, are enriched in nickel, chromium 
and cobalt, have cations imbalances towards magnesium and are potassium and phosphorus nutrient 
deficient (Baillie et al., 2000; Proctor, 2003). The vegetation developing on ultramafic soils is 
universally known to host distinct species assemblages with high levels of endemism (Brooks, 
1987). Taken together, the edaphic factor and its cumulative interactions with biophysical, climatic 
and chemical constituents have been called the ‘serpentine syndrome’ (Jenny, 1980; Brady et al., 
2005). This has been explained by the edaphic stress that ultramafic soils pose to plants, stimulating 
the evolution of plant species and often enhanced under the condition of isolation (as, for example, 
in the case of New Caledonia) (Jaffré, 1992). Ultramafic outcrops can be conceptualised as ‘edaphic 
islands’ in a ‘sea’ of normal soils (viz. Kruckeberg, 2002; Rajakaruna, 2004). When a new habitat 
becomes available (for example, in the form of a landslide), processes of immigration (colonization 
of the habitat) takes places on two levels; namely, the population level (e.g. those of dispersion, 
immigration and extinction), and the evolutionary level (e.g. those of the adaptation and speciation) 
(Kruckeberg, 1986; 1991). However, ultramafic islands are not truly insular, but recruit species 
from the surrounding matrix over ecological and evolutionary time when other species adapt to the 
prevailing edaphic conditions (Harrison and Inouye, 2002). There is no ‘sea’ as such to be crossed; 
rather, ultramafic islands are directly surrounded by a reservoir of species and pre-adapted 
genotypes that can make the crossing relatively easily.  
 
Insular soils (ultramafics) provide effective genetic isolation which, when coupled with strong 
edaphic and climatic stresses, promotes evolutionary divergence and speciation (Kruckeberg, 1986). 
This process can then lead to the evolution of edaphic endemics, which are often neo-endemics that 
have evolved from closely-related species that acted as precursors (Rajakurana and Boyd, 2008). 
Paleo-endemics (‘depleted species’) also exist, which result from more widespread populations that 
have become confined to ultramafic soils due to competition elsewhere (Stebbins and Major 1965; 
Anacker, 2014). Overall, plants growing on ultramafic soils can be further subdivided into: (a) 
‘facultative’ species, also termed ‘indifferent’ or ‘bodenvag’ species, that occur on ultramafic and 
non-ultramafic soils, but with some showing a higher abundance on ultramafic soils; (b) species that 
reach ultramafic soils as an extension of their normal range (‘outliners’), also termed ‘regional 
endemics’ or ‘regional indicators’; and (c) ‘obligate’ or endemics to the substrate (either taxa or 
infraspecific types) (Rune, 1953; Kruckeberg, 1986, 1991). The literature is somewhat complicated 
by the term ‘endemic’ being used to refer to species that are restricted to a particular geographical 
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area or species that are obligate to ultramafic soils, or both. Here the terms ‘obligate’ and ‘endemic’ 
are used separately to differentiate between ultramafic restriction and regional geographic 
endemism, respectively. In line with other studies on the subject, ‘obligate ultramafic species’ are 
operationally defined as those species of which collection records are >85% from ultramafic soils 
(Safford et al., 2005). 
 
The aim of this research project was to elucidate plant diversity and endemicity of ultramafic 
edaphic islands, in relation to soil chemistry. Specifically, it was hypothesised that: relative 
proportions of (regional/local) obligate ultramafic and endemic species increases with a more 
adverse climate (greater altitude) and more adverse soil chemistry. Adverse soil chemistry is 
defined here as soils with high extractable Ni concentrations, high exchangeable Mg:Ca molar 
quotients, and low extractable P). 
2. Materials and Methods 
 
2.1 Study localities 
 
Mount Kinabalu, part of the statutory protected Kinabalu Park, lies in the Northeast corner of the 
island of Borneo in the Malaysian state of Sabah. Kinabalu Park, covering an area of 754 km2 has 
two main mountains: Mount Kinabalu (4095 m asl) and Mount Tambuyukon (2579 m asl). Mount 
Kinabalu is over 1500 m higher than any other mountain in a 900 km radius and the highest 
mountain between the Himalayas and New Guinea. Ultramafic soils cover approximately 11% of 
the area of Kinabalu Park as many smaller and some larger insular features of (serpentinised) 
peridotite bedrock.  Ultramafic outcrops are conceptualised here as ‘edaphic islands’ of contrasting 
soil chemistry, and occur between 200–3300 m asl. 
2.2 Plot census and collection of specimens 
 
In this study multiple small plots (n = >4) were set out at each ultramafic outcrop covering 12 main 
‘ultramafic islands’ in Kinabalu Park. Plots (n = 87 in total). In each plot all vascular plants and 
ferns (including epiphytes) were collected and processed as herbarium specimens and vouchers.  
2.3 Identification of plant species 
 
Plant and voucher specimens were identified at the Sabah Parks Herbarium (SNP) and the 
Herbarium of the Sabah Forestry Department (SAN), and by specialists from the Kew (K), Leiden 
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(L) and Singapore (SING) herbaria. The identifications were checked against the enumeration of 
the flora on Mount Kinabalu (Parris et al., 1992; Wood et al., 2011; Beaman and Beaman, 1998; 
Beaman et al., 2001; Beaman and Anderson, 2004), and updated using name conventions provided 
on The Plant List (http://www.theplantlist.org/) and family classification following APG III 
(Angiosperm Phylogeny Group, 2009).  
2.4 Determination of ‘ultramafic status’ and endemism of plant species 
 
With the present state of knowledge it is not possible to ascertain whether plant species are 
restricted to ultramafic soils in all of their ranges (e.g. in Sabah or SE Asia). However, the level of 
knowledge of the flora of Mount Kinabalu is better than any other comparable tropical area in the 
world due to the enumeration of the flora in an electronic database (Beaman 2013). This enabled a 
local analysis of occurrence or restriction of plant species on ultramafic soils. Combining the 
‘Kinabalu’ Database (Dicots, Monocots, orchids, pteridophytes and gymnosperms) of 82 502 
specimen records with the database of plant collections of this study (14 662 specimen records) 
resulted in a dataset with 97 164 records, containing 5432 species from the area that was used to 
analyse for restriction to ultramafic soils. The total number of species recorded for Kinabalu Park is 
slightly higher (Beaman 4716 species, Van der Ent 1901 species, totalling unique 5583 species), but 
because of a lack of exact locality information in all cases, some specimens were omitted. Further 
only fully identified species were included in the data analysis and excluded all numbered ‘morpho-
species’ and infraspecific levels (‘variety’, ‘subspecies’), but kept species identified as ‘affinity’ 
(aff.) and ‘conform’ (cf). Restriction to ultramafic soils was then assigned to each plant species 
based on collection records from the database, as follows: (1) ‘Obligate’ species, defined to 
describe plant species for which >85% of records are from ultramafic soils; (2); ‘Preferential’ 
species, defined as those species that occur predominantly on ultramafic soils (50–85%); (3) 
‘Facultative’ species, defined as those species with 15–50% of occurrence records from ultramafic 
soils; and finally (4) ‘Avoider’ species with <15% occurrence on ultramafic soils. The designation 
as ‘ultramafic’ or ‘non-ultramafic’ or ‘unknown’ was based on comparing location data from the 
collection records with a detailed map of place names (Beaman et al., 2003) and geological maps 
(Collenette, 1964; Jacobson, 1970). Difficulty arose when areas were partly ultramafic, and in cases 
of doubt records were assigned as ‘non-ultramafic’. In total, 5432 species were analysed, of which 
2625 were ‘Avoider’ species, 1098 ‘Facultative’ species, 292 ‘Preferential’ species, 1279 ‘Obligate’ 
species, and 139 species did not have enough collection data to ascertain ultramafic occurrence 
status. 14.1 % of species were represented with only one collection and 38.8 % with less than five 
collections, and therefore have poor confidence level. 
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In addition to ‘ultramafic status’ plant species were analysed for being (geographically) endemic to 
Kinabalu Park and either obligate or facultative on ultramafic soils. The paucity of distribution data 
of plants in the region makes it extremely difficult to ascertain restriction to ultramafic soils and/or 
geographic restriction (endemism). However, it was possible to select species that are either known 
only from Kinabalu Park, or are known on Borneo Island only or mainly from Kinabalu Park, based 
on taxonomic revisions of the flora of the region. As such, a list was compiled of 365 species that 
are 'point-endemics'. 
2.5 Soil chemistry 
 
In each plot, three soil samples were collected at a depth of 10–20 cm from the surface. Samples 
were air-dried and sieved to <2 mm. Sub-samples of 300 mg were digested using Aqua Regia in a 
digestion block to give total concentrations. Soil pH was obtained in a 1:2.5 soil: water mixture. 
Exchangeable Ni, Co, Cr and Mn were extracted in 0.1M Sr(NO3)2 at a soil:solution ratio of 1:4 and 
2 hours shaking time. Phytoavailable Ni, Co, Cr and Mn were extracted with Diethylene triamine 
pentaacetic acid (DTPA), with no TEA, buffered at pH 5.3 and soil:solution 5g:25mL. Plant-
available phosphorus was extracted with the Mehlich-3 method and the Olsen-P. Bicarbonate-
extractable K was extracted. Exchangeable cations were extracted with silver- over 16 hours. The 
supernatants were analysed with ICP-AES (Varian Vista Pro II).  
2.6 Statistical analyses 
 
Plot phylogenetic diversity and distinctness was calculated using the TAXDIST and DIVERSE 
functions in PRIMER. First a complete 'Master Phylogenetic Tree' was assembled (with the 
following phylogenetic branches: Class, Clade, Order Family, Genus, Species) using a unique list of 
all collected species, and manually assigning phylogenetic levels based on APG III (Angiosperm 
Phylogeny Group, 2009) and taxonomic treatments (Parris et al., 1992; Wood et al., 2011; Beaman 
and Beaman, 1998; Beaman et al., 2001; Beaman and Anderson, 2004). For this analysis only fully 
identified records (i.e. to species-level) were used, and all species with uncertain or unplaced 
taxonomic status were excluded. Each branch in the Master Phylogenetic Tree was equally distance 
weighted 
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3. Results 
 
3.1 Plant diversity and phylogenetic diversity and distinctiveness 
 
An overview of 'ultramafic edaphic islands' with number of plots, soil type, altitude and number of 
Obligate, Preferential, Facultative, and Avoider type plant species is given in Table 11.1 whereas 
Figure 11.1 shows the visual appearance of the main vegetation types on ultramafic soils in 
Kinabalu Park. The most species-rich vegetation in the study area is the lowland zone (Serinsim and 
Nalumad with up to 285 species per 0.2 ha), the upper montane forest (Bambangan up to 168 
species per 0.025 ha) and the sub-alpine shrub of Mount Tambuyukon (up to 132 species per 0.025 
ha). Global comparisons of plant diversity richness have been made elsewhere (Wilson et al., 2012), 
and included all synusiae and both temperate and tropical ecosystems. Problematically, most 
censuses have included only trees (usually >4.8 or >10 cm dbh), but a few have included all 
vascular plants (for example, Whitmore et al., 1985; Duivenvoorden, 1994). Table 11.2 shows 
species numbers per unit area in global tropical ecosystems on ultramafic and non-ultramafic soils, 
and include plots from this study. It is clear that some of the ultramafic plots from this study rank 
among the most species-rich globally. The diversity figures for the lowland plots (Serinsim and 
Nalumad), however, have to be regarded as very conservative because only a fraction of the 
epiphytes could be collected due to the height of these forests (>50 m). There is a correlation 
between species richness and basal area per plot (r = 0.55 at p 1.93E-07), which might occur 
(similarly to the positive trend between tree density and tree genera being due to the relationship 
between ‘abundance’ and ‘diversity’) because an increase in abundance generally accompanies an 
increase in number of species. 
 
Clearly species richness alone as such does not reflect phylogenetic diversity (Warwick and Clarke, 
1998), and phylogenetic diversity of a site might show different trends than richness with altitude or 
edaphic factors. Therefore taxonomic distinctiveness and phylogenetic diversity were calculated 
based on a 'Master Phylogenetic Tree'. Table 11.3 gives taxonomic and phylogenetic diversity 
indices for the 'ultramafic edaphic islands'. Figure 11.2 shows an 'ellipse diagram' of the average 
taxonomic distinctiveness Δ+ versus the variation in taxonomic distinctiveness Λ+ for all plots, 
with the simulated 'expected number of species 'S'. The average taxonomic distinctiveness can be 
interpreted as the distance apart of all species pairs, whereas the variation in taxonomic 
distinctiveness relates to the variance in taxonomic distances in the tree (Clarke and Warwick, 
2001). Similarly, average phylogenetic diversity (ϕ+) is the ratio of total phylogenetic branch 
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length, e.g. total phylogenetic diversity Sϕ+, and species ('S'). As such in Figure 11.2 show that 
some plots at Mount Tambuyukon (summit) and Marai Parai have highly taxonomically diverse 
communities, whereas the lowland plots have high species richness, but lower taxonomical 
distinctiveness. Interestingly, average phylogenetic diversity is highest in the sub-alpine zone 
(Layang-Layang, Marai Parai, Mount Tambuyukon slopes), and this is best explained by the local 
occurrence of a combination of plants from different (bio)geographic and distant phylogenetic 
affinities. In other words, high altitude communities are represented by relatively large numbers of 
unrelated families with only a few species per family, whereas in the lowland zone many plant 
species from phylogenetically related families co-occur. This helps to explain the high numbers 
edaphic and geographic endemics in high altitude hypermagnesian soils at Marai Parai and Mount 
Tambuyukon, as most of those species are locally singular representatives of their families. 
3.2 Contributions of obligate ultramafic species and endemics 
 
Figure 11.3 shows a selection of 'point-endemics' (hereafter ‘Endemics’) from Kinabalu Park, from 
the total of 365 species used in the data analyses. It was hypothesised that more adverse soil 
chemistry coupled with altitude would result in a greater fraction of (locally) obligate ultramafic 
species and greater numbers of Endemics. 'Adverse soil chemistry' was operationally defined as 
soils with low extractable P, high extractable Ni and high Mg:Ca in the exchangeable complex. 
Figure 11.4 shows a NMDS with Obligate, Preferential, Facultative, Avoider, and Endemic 
category plants from the plots as factors and collection plots from the ‘islands’. Figure 11.5 shows 
graphs with Obligate, Preferential, Facultative, Avoider, and Endemic category plants from the 
plots, and explanatory soil chemistry variables and altitude (selection of displayed variables based 
on correlation analysis and tests of significance). Plants in the 'avoider' category are weakly 
correlated with extractable P (r = 0.25), whereas Endemics are weakly negatively correlated (r = - 
0.28) (see Table 11.4 and Figure 11.5). The Endemics are correlated with extractable Ni (r = 0.50). 
Obligate, Preferential and Avoider type plants are negatively correlated with altitude, whereas as 
Endemics are positively correlated (r = 0.50). None of the ‘ultramafic restriction categories’ are 
correlated with Mg:Ca molar quotients, although several significant correlations were found with 
total elemental concentrations of Mg, Co, Cr, Fe, Mn and Ni. It is difficult to explain these 
correlations because total concentrations are unlikely (directly) relevant to plants, but might instead 
be indicative of main soil types. For example, the skeletal hypermagnesian soils in the sub-alpine 
zone, with the greatest numbers of Endemics, have very high total Co, Mn and Ni concentrations. 
 
Obligate ultramafic species comprise up to 76% of the species per plot on Mount Tambuyukon 
(summit), and are also high at Marai Parai (up to 71%) and in the serpentinite soils of Panataran 
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Valley (up to 68%) and Wuluh River (up to 67%). Based on absolute number of species, the tall 
lowland forest at Serinsim has the highest number of obligate ultramafic species (59% or 138 
species). The lowest fraction of obligate ultramafic species is at Layang-Layang with 21%. 
Maximum number of Endemics is up to 15% of the vascular species per plot (Marai Parai), whereas 
on Mount Tambuyukon (summit) they reach 10–13%. However, this represents in each case just 
five to seven species. The similarities between the vegetation at Marai Parai and Mount 
Tambuyukon have long been known (Beaman and Beaman, 1990), despite the differences in 
altitudes (1600–1700 m asl and 2400–2500 m asl, respectively). In particular, the occurrence of 
Endemics of Nepenthaceae (Nepenthes rajah, N. villosa, N. edwardsiana and N. burbidgeae) 
contribute to that similarity. In addition, Drosera ultramafica is also shared between the two 
'islands'. Other species shared between Mount Tambuyukon (summit) and Marai Parai, and not 
captured in the plots, include Dendrobium piranha, Platanthera stapfii, Helicia maxwelliana, while 
Rhododendron baconii, R meijeri, and Begonia vaccinioides are unique to Mount Tambuyukon 
(summit). The Endemics on serpentinite soils include Paphiopedillum rothschildianum and 
Borneodendron aenigmaticum (Panataran Valley), Erycibe borneensis and Costularia pilisepala 
(Wuluh River). Whereas on serpentinite soils the obligate ultramafic shrub Scaevola verticillata is 
typical, on hypermagnesian soils (Mount Tambuyukon), S. micrantha is equally characteristic. 
4. Discussion 
 
The restriction of habitat specialist species (i.e. obligate ultramafic species) to ultramafic soils is 
generally considered a consequence of inherent slow growth rates as such plants would be 
outcompeted on more favourable soils (Kruckeberg, 1954; Brady et al., 2005; Harrison et al., 2009). 
Although some growth experiments have shown that such species can grow faster on more nutrient-
rich soils (Kruckeberg, 1954), species from the ultramafic maquis in New Caledonia have been 
shown to be inherently slow growing, albeit becoming larger under more fertile conditions (Jaffré, 
1980). This support the observations for obligate ultramafic plant species from the summit of 
Mount Tambuyukon, which all appear very slow growing. In Kinabalu Park, obligate ultramafic 
plant species have, however, wide-ranging taxonomical origins and include angiosperms, 
gymnosperms and pteridophytes, and different life-forms including trees, ground herbs, epiphytes, 
myrmecophytes, (hemi)parasites and myco-heterotrophs, therefore, generalisations are difficult to 
make. 
 
Ascertaining geographical endemicity is difficult with so few distribution records available, but at 
least 365 species are ultramafic obligate or facultative and point-endemics to Kinabalu Park. These 
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include the pitcher plants Nepenthes burbidgeae. N. villosa and N. rajah (Nepenthaceae;) and N. 
macrovulgaris (endemic to Sabah). Furthermore, 90 species of orchids are endemic to Kinabalu 
Park (and obligate or facultative on ultramafic species) and a further 179 species are endemic to 
Sabah (Wood et al., 2011). The relative number of orchid species on ultramafic soils in Kinabalu 
Park substantially exceeds the number of orchid species on non-ultramafic soils (>500 m asl), while 
endemic orchid species on ultramafic soils also greatly outnumber those onto non-ultramafic soils 
(>700 m asl) (Wood et al., 2011). Several ultramafic obligate species are endemic to the extremely 
stunted graminoid shrub on Mount Tambuyukon (summit) and include Rhododendron meijeri and 
R. baconii (Ericaceae), Begonia vaccinioides (Begoniaceae) and Gynura tambuyukonensis sp. nov. 
(Asteraceae).  
 
It was hypothesised that (locally) obligate ultramafic and endemic species would increase with 
more adverse climate (altitude) and more adverse soil chemistry. The results show that, although 
vastly different chemically, both hypermagnesian and serpentinite soils host the highest levels of 
ultramafic obligate and endemic species. The plant diversity on serpentinite soils is low, but the 
hypermagnesian soils, as indicated earlier, are extremely species-rich as in the case of Mount 
Tambuyukon (summit). In the case of hypermagnesian soils these are either ground herbs 
(terrestrial orchids such as Platanthera otuhanica, Thrixspermum triangulare, Coelogyne rupicola), 
carnivorous plants (such as Nepenthes rajah, N. villosa), or dwarf shrubs (such as Eriobotrya 
balgooyi, Pittosporum peridoticola, Rhododendron meijeri). The high incidence of myrmecophytes 
and hemi-parasitic Loranthaceae and Viscaceae in the Mature mixed Casuarina forest is otherwise 
typically associated with xeric conditions in open vegetation, elsewhere in Borneo mainly in stunted 
heath forests.  
 
In contrast, obligate ultramafic species are almost absent in the lowland forest on laterite soils, 
except for the tree Borneodendron aenigmaticum (Euphorbiaceae) (a monotypic genus endemic to 
Sabah), the dipterocarps Dipterocarpus ochraceus (captured in the plots at Nalumad) and Shorea 
micans (Meliau Range) (Ashton, 2004). However, the occurrence of preferential ultramafic species, 
and regional obligate species including Shorea andulensis, S. laevis, S. laxa, S. venulosa, S. 
tenuiramulosa and Dipterocarpus lowii (which occurs elsewhere in Borneo on nutrient-poor soils) 
is characteristic for lowland ultramafic laterite soils, particularly those with Casuarinas 
(Gymnostoma sumatranum, G. nobile, Ceuthostoma terminale) and Kauri (Agathis borneensis). 
  291 
5. Conclusion 
 
In many ultramafic floras around the world the number of endemics is precisely known; for 
example in California with 369 endemics on ultramafic soils (Harrison et al., 2008) and New 
Caledonia with 1671 endemics on ultramafic soils (Jaffré, 1993). Proctor et al. (1988), in reference 
to Mount Silam, on Sabah’s east coast, concluded that few ultramafic obligate or endemic species 
exist in Sabah, and provided possible explanations, including the time available for colonisation of 
the soils in Sabah, geographical isolation, and taxonomic bias, whereas in New Caledonia the 
absence of drier climates during the Pleistocene (on account of its insularity), would have facilitated 
the survival of paleo-endemics. Contrary, Johns (1990) argues that species-rich rainforest is not in a 
climatic climax, but rather unstable, and that such instability is a force in speciation As this study 
shows, the levels of endemism are high in Sabah, and even on Mount Silam several endemics are 
now known (for example, Pittosporum silamense), but the precise numbers of endemics (or obligate 
ultramafic species) are relatively hard to substantiate in Sabah. This is in part due to the immense 
diversity and complexity of the flora, and also due to the lack of scientific studies regionally. This 
study showed that ultramafic soils in Kinabalu Park support at least 2854 plant species of which at 
least 365 plant species are (near) endemic to Kinabalu Park, and obligate or facultative on 
ultramafic soils. As such, the findings of this study draw academic (and conservational) attention to 
Kinabalu Park, and Sabah, as a major locus of global plant diversity on ultramafic soils.  
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Figure 11.1. Main vegetation types on ultramafic soils in Kinabalu Park. A: ericaceous high-
altitude scrub, B: graminoid shrub on the flanks of the summit ridge of Mount Tambuyukon, C: 
Serpentinite landslides cut through by the Wuluh River, D: Dacrydium gibbsiae and Leptospermum 
recurvum dominated dwarf forest at Layang-Layang, E: graminoid vegetation at Marai Parai, F: 
Tall upper montane forest in the Bambangan Valley, G: Shorea laevis in tall mixed dipterocarp 
forest near Nalumad, H: cascading serpentinite landslides in various stages of succession in the 
Panataran Valley. 
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Figure 11.2. Ellipse diagram of Average taxonomic distinctiveness Δ+ versus Variation in 
taxonomic distinctiveness Λ+ of all plots, with simulated expected number of species 'S'. 
  298 
 
Figure 11.3. Selection of ultramafic edaphic endemic species from Kinabalu Park. A: Begonia 
vaccinioides (Begoniaceae), B: Scaevola verticillata (Goodeniaceae), C: Rhododendron meijeri 
(Ericaceae), D: Rhododendron baconii, E: Drosera ultramafica (Droseraceae), F: Wendlandia 
tambuyukensis (Rubiaceae), G: Platanthera otuhanica (Orchidaceae), H: Nepenthes rajah 
(Nepenthaceae), I: Paphiopedilum hookerae var. volenteanum (Orchidaceae), J: Paraphalaenopsis 
labukensis (Orchidaceae), K: Eriobotrya balgooyi (Rosaceae). 
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Figure 11.4. NMDS with Obligate, Preferential, Facultative, Avoider, and Endemic category plants 
from the plots as factors and collection plots from the ‘islands’. For each plot the altitude (m asl) is 
also indicated. 
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Figure 11.5. Graphs with Obligate, Preferential, Facultative, Avoider, and Endemic category plants 
from the plots, and explanatory soil chemistry variables and altitude (selection of displayed 
variables based on correlation analysis and tests of significance). 
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Table 11.1. Overview of 'ultramafic edaphic islands' with number of plots, soil type, altitude and 
number of Obligate, Preferential, Facultative, and Avoider type plant species.  
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Table 11.2. Global species richness of selected tropical forests from around the world. 
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Table 11.3. Overview of 'ultramafic edaphic islands' with taxonomic and phylogenetic diversity 
indices.  
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Table 11.4. Correlations between ultramafic restriction status and soil chemistry and altitude of the 
plots (significant at p = < 0.05 indicated in red). 
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Abstract 
 
Sabah (Malaysia) has one of the largest surface expressions of ultramafic rocks in the world, which 
hosts some of the most species-rich floras globally. The aim of this study was to identify, quantify 
and explain vegetation zonation on Mount Tambuyukon compared to Mount Trus Madi. In this 
study, a comparison of vegetation stature and species composition was made between the ultramafic 
Mount Tambuyukon (2579 m asl) and the non-ultramafic Mount Trus Madi (2642 m asl) in Sabah, 
Malaysia. Vegetation altitudinal zonation (vegetation stature, floristic composition) is significantly 
compressed on Mount Tambuyukon. Although both mountains are extremely species-rich, plots at 
comparable altitudes on Mount Tambuyukon are more species-rich, particularly in the summit zone, 
which also has higher levels of endemicity. The soil chemistry of Mount Tambuyukon is radically 
different from Mount Trus Madi with phytotoxic concentrations of Ni and Mn, extremely high 
exchangeable Mg and very low extractable K and P concentrations. The extreme soil chemistry is, 
however, not reflected in the foliar chemistry of dominant trees in the plots, or in the flora of the 
summit zone. 
 
Keywords: cloud forest; edaphic; endemism; foliar chemistry; Mg:Ca; montane forest; nickel; soil 
chemistry; vegetation stunting. 
1. Introduction 
 
Altitudinal vegetation zonation on tropical mountains, expressed through a decrease in species 
richness and vegetation stature with increasing altitude, and concomitant changes in floristics and 
physiognomic features, is primarily linked to a temperature gradient (Kitayama, 1992; Pendry and 
Proctor, 1996) but influenced by a wider spectrum of environmental factors, mainly the incidence 
of cloud cover (Grubb and Whitmore, 1966). A special feature of mountains in Sabah (Malaysia on 
Borneo Island) is the occurrence of Tropical Montane Cloud Forests (TMCF) associated with 
frequent or persistent immersion in cloud cover resulting in higher precipitation due to ‘cloud-
stripping’ (Stadtmüller, 1987; Bruijnzeel et al., 1993; Kitayama, 1992). TMCF experience canopy 
wetting, lower vapour deficits, suppressed evapotranspiration, lower mean temperatures, less 
insolation, and slower decomposition rates of organic matter in soils leading to a build-up of humus 
and peat, acidification and potential nutrient deficiencies (Proctor et al., 1988; Hamilton et al., 
1993; Aiba and Kitayama, 1999). The physiognomy of cloud-forests is characterised by reduced 
tree stature and increased stem density with a dense cover of epiphytic pteridophytes, orchids and 
bryophytes (Hamilton et al., 1993). Causal factors can be locally important, and include: (a) 
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seasonal drought stress; (b) saturated and very acidic soils; (c) soil nutrient deficiency, particular N 
and P, and slow mineralization; (d) high diurnal temperate differences and low foliar transpiration; 
(e) wind exposure; (f) increased adiabatic lapse rate as observed on smaller mountains; and (g) high 
insolation and associated UV-exposure (Grubb and Whitmore 1966; Grubb, 1977; Lee and Lowry, 
1980a; Bruijnzeel et al., 1993). Furthermore, changes in the species richness and physiognomic 
features are also associated with topographical gradients from ridges to valleys (Tanner, 1977; 
Takyu et al., 2002), but this has been attributed to a soil moisture gradient and also nutrient 
availability (Tanner, 1977; Baillie et al., 1987). 
 
Ultramafic rocks consist of ferromagnesian minerals obducted in continental margins (Searle and 
Stevens, 1984).  Some of the world’s largest exposures occur in Southeast Asia and occur as 
‘insular’ features in the landscape of Sabah, Malaysia, totalling approximately 3500 km2. Soils 
derived from ultramafic geology are characterized by potentially phytotoxic concentrations of Ni 
(and other trace elements), cation imbalance (high Mg:Ca molar quotients), and nutrient-
deficiencies (low K, P) (Brooks, 1987; Proctor, 2003). The combination of insular features and 
extreme soil chemistry has stimulated the evolution of plant species and given rise to edaphic and 
geographic endemics (Kay et al., 2011; O’Dell and Rajakaruna, 2011). Tropical ultramafic 
mountains often have the altitudinal sequence of vegetation zonation compressed with cloud-forest 
formations on lower altitudes than other mountains in the same region (Proctor et al., 1988). This 
phenomenon is analogous to the ‘Massenerhebung Effect’ (or ‘mass elevation effect’), which 
denotes compression of the altitudinal vegetation zones on more isolated small mountains compared 
to relatively larger mountain massifs (Van Steenis, 1961; Grubb, 1971). This is thought to be 
caused by heat retention due to insolation of large massifs such as the central mountain range in 
New Guinea (Whitmore, 1975), but it might also occur on Mount Kinabalu. In small outlying 
mountains, the causes are mainly linked to increased atmospheric humidity rather than by a steeper 
adiabatic lapse rate (Proctor et al., 1988; Bruijnzeel et al., 1993). In the case of coastal mountains, 
this has been termed the 'coastal proximity zonation effect' (Bush, 1986). 
 
Compression of altitudinal vegetation zonation on tropical ultramafic mountains is known from 
several mountains in Southeast Asia including Mount Piapi, Indonesia (Proctor et al., 1994), Mount 
Bloomfield (Proctor et al., 1997; 1999; 2000), Mount Giting-Giting, Philippines (Proctor et al., 
1998), and Mount Silam, Sabah (Proctor et al., 1988; 1989; Bruijnzeel et al., 1993). Mount Piapi on 
Talaud Island, Indonesia, is perhaps the most extreme example. This coastal mountain (521 m asl) 
features a flora resembling that of the sub-alpine zone (extreme stunting and graminoid shrub) 
starting at just 150 m asl, and consists of the genera Styphelia, Vaccinium (Ericaceae), and 
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Podocarpus (Podocarpaceae). Proctor et al. (1997) concluded that low water-retention capacity of 
the soil rather than adverse soil chemistry (low in extractable phosphorus, high Mg/Ca molar 
quotients and high nickel concentrations) is the likely explanatory factor for the extreme stunting on 
this mountain. Another coastal mountain, Mount Silam (884 m asl) on Sabah’s east coast, has a 
classical ‘Massenerhebung effect’ with stunted sclerophyllous and microphyllous forest from 770 m 
asl and above that is dominated by the Elaeocarpaceae, Ericaceae, Podocarpaceae, Myrtaceae and 
Theaceae. Proctor et al. (1988) concluded that the cloud incidence, and associated effects on 
photosynthesis and respiration, rather than adverse soil chemistry could explain the vegetation 
zonation on Mount Silam. However, Bruijnzeel et al. (1993) concluded that vegetation stunting on 
Mount Silam could either be caused by high carboxylation resistance, in turn resulting in low 
photosynthetic capacity and leaf transpiration as a result of reduced soil supply of nitrogen, or due 
to high phenolic concentrations in the leaf litter which could negatively affect plant growth and 
functioning. 
 
Direct comparisons between the vegetation on tropical ultramafic and non-ultramafic soils are rare, 
but such a study was undertaken on Mount Bloomfield, Palawan, Philippines (Proctor et al., 1997; 
1999; 2000). This mountain (800 m asl) has stunted forest at 170 m asl with an scrub habit (2–9 m) 
and local graminoid vegetation. The studies showed that ultramafic vegetation was more stunted, 
and that ultramafic and non-ultramafic soils harboured similar plant diversity but contrasting 
species composition with virtually no overlap. The non-ultramafic soils were more acid, had lower 
Mg:Ca molar quotients and lower concentrations of Ni, Cr and Co. The causes for these differences 
(e.g. stunting, floristic composition) could not be explained by soil chemistry but there was a 
correlation between tree height and soil water retention (Proctor et al., 1999). Altitudinal plot 
studies on contrasting geology (including ultramafic and non-ultramafic soils) on the south slope of 
Mount Kinabalu showed that the differences in the vegetation on ultramafic and non-ultramafic 
soils are more strongly reflected in the vegetation with increasing altitude (Aiba and Kitayama, 
1999). The decrease of vegetation stature with altitude was compressed on ultramafic soils, 
accompanied by lower tree species diversity on ultramafic soils at altitudes above 1700 m asl (Aiba 
and Kitayama, 1999). Causality was linked to soil nitrogen availability, which decreased with 
altitude but was lower on ultramafic soils except in the cloud zone (Kitayama et al., 1998), in 
conjunction with the (lower) availability of soil phosphorus (Kitayama, et al., 2000). The 
compression of altitudinal vegetation zonation is not unique to ultramafic mountains, but appears 
exacerbated or amplified. A confounding problem is that the effects of altitude cannot easily be 
isolated from the effects of soil chemistry because no direct comparison can often be made between 
tropical ultramafic mountains with a non-ultramafic equivalent. The ultramafic Mount Tambuyukon 
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(2579 m asl), the third highest mountain on the island of Borneo, and the non-ultramafic Mount 
Trus Madi (2642 m asl), the second highest mountain on the island of Borneo, are approximately 70 
km apart and form the case study in this research (Figure 12.1). The aim of this study was to 
identify, quantify and explain vegetation zonation on Mount Tambuyukon compared to Mount Trus 
Madi. In relation to this, the following hypotheses were tested to examine whether the observed 
effects could be interpreted: 1. Compared with Mount Trus Madi, vegetation zonation on Mount 
Tambuyukon is altitudinally compressed in terms of physiognomy and species composition due to 
extreme soil chemistry; 2. Levels of plant diversity and endemicity are higher on Mount 
Tambuyukon at all altitudes; and 3. The extreme soil chemistry of ultramafic soils is reflected in the 
foliar elemental composition of dominant trees on Mount Tambuyukon. 
2. Materials and Methods 
2.1 Study areas 
 
Mount Tambuyukon (2579 m asl) and Mount Trus Madi (2642 m asl) lie approximately 70 km 
apart in Sabah, Malaysia (Borneo Island), with Mount Kinabalu (4095 m asl) positioned in between 
(Figure 12.1). The lowland climate has a mean annual temperature of 27°C and mean annual 
rainfall of approximately 3000 mm at Sandakan (46 m asl), and the regional mean temperature 
lapse rate is 0.55°C per 100 m (Kitayama, 1992). In this region, the average lower condensation 
level is at 1200 m asl, but frequently oscillates upwards daily and results in the formation of cloud 
at higher altitudes (Kitayama, 1992). Although local climatic effects (rainfall regime) are important 
for vegetation zonation, no weather data was recorded and it was assumed that the very similar 
height and proximity of the mountains largely cancels out any major climatic differences. 
2.1.1 Mount Tambuyukon 
 
Although relatively unknown, Mount Tambuyukon (6° 12'N, 116° 39'E) is the third highest 
mountain on the Island of Borneo, and the highest ultramafic mountain in the region. The massif is 
roughly 16 km long and 6 km wide at its widest point and lies 12 km north of Mount Kinabalu. The 
mountain is part of an ophiolite suite consisting of mafic rocks (chert-spillite and gabbro) and 
ultramafic rock (peridotite). Ultramafic rock consists of >70% mafic elements (Mg and Fe). The 
mountain complex ranges from 200 m asl to the summit around 2500 m asl (the main ridge is 
approximately 9 km long). Its location inside the protected area of Kinabalu Park means its 
vegetation is relatively undisturbed. The multi-layered tall (>55 m) rainforest on the lower slopes 
decreases in stature to a graminoid vegetation (<1 m tall) on the summit. Prior to this study, very 
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limited research has been undertaken on Mount Tambuyukon since the first recorded ascent in the 
1960s. 
2.1.2 Mount Trus Madi  
 
Mount Trus Madi (5° 35'N, 116° 30'E) is the second highest mountain on the Island of Borneo, 
located in the centre of the Trus Madi Range. This range is approximately 80 km long and lies in 
the interior of Sabah. The geology consists of mudstone, sandstone, argillite and quartzite from the 
Trus Madi Formation of Tertiary age (Acres, 1972; Acres et al., 1975). The mudstone, sandstone 
and siltstone collectively consist of >50% quartz (SiO2). The area (over 100 000 ha) was originally 
designated as a Protection Forest Reserve in 1962, but excised in 1984, and subsequently largely 
logged up to approximately 1600 m asl. Since 2010, Mount Trus Madi has been gazetted as a Class 
I Protected Forest Reserve. The area has several high peaks (>2000 m asl) as part of steep ridges 
running from the southwest to the northeast (Kitayama et al., 1993).  
2.2 Plot census and collection of specimens and vouchers 
 
Non-permanent vegetation plots were established on Mount Tambuyukon and Mount Trus Madi 
between March 2011 and April 2013 as a part of eight multi-day expeditions. The plots had 
different dimensions to accommodate the varying tree densities and species-richness associated 
with the altitude gradient: below 1200 m asl plots were 2000 m2 (100m x 20 m), between 1000–
1600 m asl plots were 500 m2 (20 m x 25 m) and above 1600 m asl, plots were 250 m2 (10 m x 25 
m). The location of the plots was subdivided in four zones based on general vegetation 
physiognomy and floristics: 
 
(1) Lowland zone (<1200 m asl): typified by tall (canopy 40 m, emergents up to 60 m) multi-
layered mixed dipterocarp forest. Ground herbs are very sparse but tree saplings common. 
Important families are the Anacardiaceae, Annonaceae, Dipterocarpaceae, Euphorbiaceae, 
Ebenaceae and Myristicaceae. 
 
(2) Lower montane zone (1200–1800 m asl): typified by open forest (15-25 m). Important families: 
Fagaceae, Podocarpaceae, Theaceae and Symplocaceae. 
 
(3) Upper montane zone (1800–2200 m asl): typified by dense even-boled forest (8-15 m), often 
with dense undergrowth of herbs, rattans and climbing bamboos. Epiphytic orchids, pteridophytes, 
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bryophytes, filmy ferns and lichens are very common. The soil usually has a thick accumulation of 
mor humus. Important families are the Fagaceae, Lauraceae and Rubiaceae. 
 
(4) Summit zone (>2200 m asl): typified by ligneous scrub (1-2 m) and graminoid vegetation (< 1 
m). Important families are the Myrtaceae, Ericaceae, and Podocarpaceae. 
 
These zones largely conduce with the zonation described for Mount Kinabalu by Kitayama (1995), 
based on floristics, suggested to be thermically controlled for the upper montane, and subalpine 
zones (i.e. the summit zone here) and by a water surplus between the lower and upper montane 
zones. The precise altitudinal occurrence of these zones differed between Mount Tambuyukon and 
Mount Trus Madi, and plots were laid out to coincide with these broad altitudinal physiognomic 
zones. Each plot was positioned parallel to altitudinal gradients to minimise the inclusion of 
ecotones that may exist over the slope. Each plot was marked with flagging tape, and all vascular 
plant species (inclusive of pteridophytes) were collected as vouchers and herbarium specimens for 
identification. All trees >4.8 cm dbh were enumerated (height recorded and dbh measured), 
numbered and vouchers collected for identification purposes. No plots in the lowland zone could be 
established on Mount Trus Madi because the forest <1600 m has previously been logged and 
undisturbed primary forest could not be found for the purpose of this study. Table 12.1 summarise 
environmental, physiognomic and diversity characteristics of plots on Mount Tambuyukon and 
Mount Trus Madi. 
2.3 Identification of plant specimens and vouchers 
 
Vouchers and herbarium specimens from the plots were identified at the Sabah Parks Herbarium 
(SNP) and the Herbarium of the Sabah Forestry Department (SAN) and by consulted taxonomic 
specialists from the Kew (K), Leiden (L) and Singapore (SING) herbaria. It was not possible to 
identify all sterile specimens to the level of species; in those cases ‘morpho-species’ numbers were 
used based on vegetative characters. The names were checked against the enumeration of the flora 
of Mount Kinabalu (Parris et al., 1992; Wood et al., 2011; Beaman and Beaman, 1998; Beaman and 
Anderson, 2004), and updated using name conventions provided on The Plant List 
(http://www.theplantlist.org/) and family classification following APG III (Angiosperm Phylogeny 
Group, 2009). All collections were compiled in a MySQL database system for data management 
and retrieval. In addition, for the biogeographical analysis, plant collection records were compiled 
from the database of the Forest Research Centre Herbarium (SAN). 
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2.4 Plot bedrock chemistry 
 
Bedrock samples (1–3 kg) were collected from each plot (one for each plot) at the bottom of a soil 
pit. Sub-samples (0.1 g) were finely ground in an electric ball-mill with agate bowl and balls, sieved 
to 100 µm and digested with 4 mL nitric acid (70 %), 1 mL hydrochloric acid (37%) and 1 mL 
hydrofluoric acid (48%) in pressurised Teflon vessels (up to 100 bar) in a digestion microwave 
(Milestone Ethos One). Digested samples were then diluted to 40 mL with ultra-pure water (TDI), 
before analysis with ICP-AES (Varian Vista Pro II). The analytical package included Ni, Co, Cr, 
Cu, Zn, Ti, Si, Mn, Fe, Mg, Ca, Na, K, S and P.  
2.5 Plot soil chemistry 
 
Soil samples (1–2 kg) were collected in the mineral soil (A/B-horizon) with three samples per plot, 
air-dried to constant weight at 20°C (approximately 2–3 weeks) and sieved to 2 mm. Soil pH was 
measured in a 1:2.5 mixture after shaking the sample in an end-over-end shaker for 1 hour and 
allowed to stand for 1 hour. Samples (0.2 g) were digested with 9 mL concentrated nitric acid (70 
%) and 3 mL hydrochloric acid (37 %) in a digestion microwave, and diluted to 40 mL with ultra-
pure water (TDI), before analysis with ICP-AES. This digestion gives pseudo-total elemental 
concentrations (hereafter termed ‘total’). Plant-available phosphorus was extracted with the 
Mehlich-3 method (Mehlich, 1984) and the Olsen-P method (Olsen et al., 1954). Bicarbonate-
extractable K (Colwell-K) was extracted following Rayment and Higginson (1992) method 18A1. 
Exchangeable cations (Al, Ca, Mg, K, Na) were extracted with silver-thiorea over 16 hours in the 
dark (Dohrmann, 2006). Directly-available trace elements (Ni, Cr, Co, Mn) were extracted in 0.1 M 
Sr(NO3)2 at a soil : solution ratio of 1:4 (10 g : 40 mL) and 2 hours shaking time (adapted from 
Kukier and Chaney, 2001). Potentially plant-available trace elements (Ni, Cr, Co, Mn) were 
extracted with Diethylene triamine pentaacetic acid (DTPA) according to Becquer et al. (1995), 
with a pH adjustment to 5.3, extraction time of 2 hours and a soil:solution ratio of 1:4. All 
extractions were undertaken in 50 mL PP tubes and supernatants were separated by centrifugation 
(4000 rpm at 10 minutes) before analysis with ICP-AES (Varian Vista Pro II). The analytical 
package included Ni, Co, Cr, Cu, Zn, Mn, Fe, Mg, Ca, Na, K, S and P.  
2.6 Plot foliar chemistry 
 
Full-grown leaves were collected from the five most dominant tree species (as determined by the 
highest combined basal area) per plot. In addition, leaves were collected from all plant species 
occurring in the plots in the summit zones of both Mount Tambuyukon and Mount Trus Madi. All 
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foliar samples were thoroughly washed with de-mineralized water following collection to remove 
potential soil dust contamination and then dried at 60°C for 5 days in a dehydrating oven and 
packed for transport to Australia. The samples were crushed, and a subsample was weighed (0.3 g) 
and digested in 4 mL concentrated nitric acid  (70 %) and 1 mL hydrogen peroxide (30%) in a 
digestion microwave, diluted to 30 mL with ultra-pure water (TDI), before analysis with ICP-AES 
(Varian Vista Pro II). The analytical package consisted of Ni, Co, Cr, Cu, Zn, Mn, Fe, Mg, Ca, Na, 
K, S and P. Total foliar carbon and nitrogen were analysed on a selection of plant species (17 each) 
from the summit zones of Mount Tambuyukon and Mount Trus Madi. Approximately 150 mg of 
finely-ground (100 µm) leaf was weighed into tin foil boats and analysed on a LECO TruSpec CHN 
combustion analyser at 1100°C. 
2.7 Leaf litter chemistry 
 
Leaf litter samples were collected from each plot by carefully scraping off partly decomposed plant 
material and decomposed organic matter (O-horizon) from a 1 m2 area. Any adhering mineral soil 
was similarly excluded from the samples collected. The samples were then dried (60°C for 5 days 
in a dehydrating oven), finely ground in an electric ring-mill with cutting blades, sieved to 1 mm 
and analysed similarly to the foliar samples (as described in section 2.6 above). 
2.8 Statistical analyses 
 
Analysis of vegetation was carried out in PRIMER (v. 6.0). The vegetation was classified by 
performing an analysis of similarity (Bray-Curtis distance) followed by Clustering, and plotting an 
NMDS of the species occurring per plot (presence/absence), separately on the level of families, 
genera and species. The clusters were then grouped as plots and the SIMPER function was used to 
calculate individual contributions of species to the similarity and dissimilarity between groups. This 
was then tested using PERMANOVA. The whole procedure was repeated for the quantitative 
(abundance) data of all the trees per plot. For the abundance, the volume was used [calculated using 
the FAO formula (FAO, 2013) as: Volume = 0.42 * basal area * height] because it takes into 
account both diameter at breast height and the height of the trees, hence correcting for the bias in 
lower stature of trees with increasing altitude. Analysis of variance between ultramafic and non-
ultramafic soil chemistry was analysed with a student t-test. Similarly, the same test was performed 
for foliar chemistry (comparing ultramafic and non-ultramafic soils). Principal Component Analysis 
(PCA) aimed to show correlations between soil chemistry and occurring plant species. Ordination 
of occurring species was performed by non-metric multidimensional scaling (NMDS), whereas 
permutation-based testing of individual contributions of occurring species was tested with 
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ANOSIM. Partitioning of variability according to explanatory factors was tested with 
PERMANOVA. Finally, principal coordinates analysis (PCO) was used for unconstrained 
ordination of the multivariate data (occurring species). In addition, SIMPER was used to identify 
the co-occurring species by providing discrimination between observed sample clusters. 
Relationships between species data and environmental and soil data were analysed using Detrended 
Correspondence Analysis (DCA) in CANOCO 5. The statistical analyses were performed using the 
software packages STATISTICA Version 9.0 (StatSoft), Excel for Mac version 2011 (Microsoft) 
and PRIMER + PERMANOVA Version 6 (PRIMER-E). 
3. Results 
3.1 Bedrock chemistry 
 
Bedrock samples from the plots from Mount Tambuyukon and Mount Trus Madi were analysed for 
total elemental contents (Table 12.2). The total concentrations of Co, Cr, Fe, Mn and Ni are 
significantly (p = > 0.05) higher in ultramafic bedrock, whereas Na and K concentrations are 
significantly lower in comparison with non-ultramafic bedrock. Concentrations of most elements 
are enriched during weathering and soil formation, and differences between ultramafic and non-
ultramafic substrates become more pronounced (see section 3.2 on Soil chemistry below). 
3.2 Soil chemistry 
 
A summarised overview of the soil chemistry of the different altitudinal zones on Mount 
Tambuyukon and Mount Trus Madi is given in Table 12.3. The ultramafic soils of Mount 
Tambuyukon are less acidic (overall mean pH 5.5) compared to the soils from Mount Trus Madi 
(overall mean pH 4.1), which are derived from sandstone and more poorly buffered. In the summit 
area in particular, there is a major difference; the soil pH is 6.0 ± 0.1 on Mount Tambuyukon, but 
4.1 ± 0.1 on Mount Trus Madi. The less acidic soils on Mount Tambuyukon correlate with high 
exchangeable Mg concentrations (up to 15.3 cmol(+)kg). The total and exchangeable Mg 
concentrations are 20-fold higher in the ultramafic soils. Overall, total Ca concentrations are 
significantly (p = <0.01) higher in soils on Mount Tambuyukon than Mount Trus Madi (822 µg/g 
versus 594 µg/g, respectively), but exchangeable Ca is not significantly different between the 
mountains.  
 
One characteristic of ultramafic soils is a Mg:Ca molar quotient >1 (Brooks, 1987). This is evident 
from the analyses in the current study where there is a mean Mg:Ca of 4.2 on Mount Tambuyukon 
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and a mean Mg:Ca of 0.3 on Mount Trus Madi. The summit zone of Mount Tambuyukon reaches 
an overall mean Mg:Ca of 4.3 ± 1.1 with individual molar quotients up to 19. High Mg:Ca molar 
quotients are not likely a causal factor for the vegetation stunting on Mount Tambuyukon because 
the mean Mg:Ca molar quotient is 7.2 ± 3.5 in the lower montane zone (with individual molar 
quotients up to 57.1) where tall forest occurs. In comparison, Mg:Ca molar quotients on Mount 
Bloomfield were reported as 2.7–11.2, on Mount Giting-Giting as 0.31–2.87, Mount Silam as 0.84–
6.67 and Mount Piapi as 1.6–32.2 (Proctor et al., 1994; 1999; 2000). There is evidence from 
temperate regions that an excess of Mg can cause phytotoxicity (Nagy and Proctor, 1997), and that 
high Mg is antagonistic to plant Ca uptake (Marschner, 1995). It is largely unknown, however, what 
the potential effects are in tropical regions, however, ultramafic plants have been shown to have 
higher uptake efficiency of Ca over Mg (Walker et al., 1955; O’Dell et al., 2006) 
 
The CEC increases strongly with altitude on Mount Tambuyukon (from 0.6 ± 0.1 to 7.1 ± 1.0 
cmol(+)kg), but not on Mount Trus Madi, and overall mean CEC is not significantly different 
between the two mountains. The soils from Mount Trus Madi have extremely high exchangeable Al 
compared to Mount Tambuyukon (overall mean exchangeable Al is over 50-fold higher on Mount 
Trus Madi). The total K concentrations are much higher in the non-ultramafic soils (overall mean 
725 µg/g versus overall mean 93 µg/g), but exchangeable K concentrations are more similar. 
Bicarbonate-extractable K decreases markedly with altitude on Mount Tambuyukon, whereas on 
Mount Trus Madi there is an opposite trend (increase with altitude), and concentrations are 
significantly higher on Mount Trus Madi. The relatively low exchangeable K concentrations are 
likely the result of intense tropical weathering to which both soils have been subjected for 
millennia. Low potassium supply in ultramafic soils can exacerbate the effects of water stress 
(Pandolfini et al., 1992). In comparison, on Mount Giting-Giting, exchangeable K increased with 
altitude and ranged from 0.04–0.41 cmol(+)kg, whereas exchangeable Ca ranged from 0.51–3.36 
cmol(+)kg and exchangeable Mg had a slight decrease from 1.37 to 1.09 cmol(+)kg (Proctor et al., 
1998). It should be noted, however, that in this study silver-thiorea was used for exchangeable 
cations whereas the other cited studies used ammonium acetate. The methods are highly correlated 
(Al r = 0.86, Ca r = 0.90, K r = 0.92, Mg r = 0.91), although the silver-thiorea extracts resulted in 
values 3.1–4.7-fold higher (data not shown). 
 
Total P concentrations decrease with altitude on Mount Tambuyukon, and are higher in the 
ultramafic soils, but Mehlich-3 extractable phosphorus is on average 13-fold higher in the non-
ultramafic soils of Mount Trus Madi (overall mean of 1.3 µg/g versus 17 µg/g). Olsen-P 
concentrations are also significantly higher in the soils of Mount Trus Madi (overall mean of 2.6 
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µg/g versus 8.3 µg/g). On Mount Trus Madi, Mehlich-3 and Olsen P increases with altitude. A 
similar increase with altitude on non-ultramafic soils on Mount Kinabalu was attributed to 
decreased soil weathering (Kitayama et al., 2000). The opposite trend is observed on Mount 
Tambuyukon with a decrease in Mehlich-3 and Olsen-P with altitude. However, on the ultramafic 
Mount Giting-Giting, Olsen-P increased with altitude and ranged from 0.41 to 2.07 ug/g (Proctor et 
al., 1998). Olsen-P extraction was also tested on the soils from the summit zone of Mount 
Tambuyukon (data not shown), and the Olsen-P method extracted, on average, 25-fold more P than 
the Mehlich-P method. The higher concentrations of plant-available P on Mount Trus Madi could 
be explained by the lesser adsorption of P on SiO2 in sandstone and mudstone whereas the 
extremely high Fe concentrations (up to 35%) in the ultramafic soils probably results in occlusion in 
insoluble Fe-phosphate complexes. 
 
The extremely high available Ni concentrations in the summit region of Mount Tambuyukon are 
possibly a determinant for the stunted scrub. Although total Ni concentrations do not change 
significantly with altitude on Mount Tambuyukon, directly available Ni increases with altitude and 
is very high in the summit zone of Mount Tambuyukon (mean 16 ± 1.8 µg/g, highest value 31 
µg/g), comparable with some of the highest values reported from Mount Bloomfield where 
available Ni concentrations are in the range of 0.7–46 µg/g, Mount Giting-Giting Ni 1.0–24 µg/g, 
Mount Silam Ni 2–18 µg/g, and Mount Piapi Ni 8.5–37 µg/g (Proctor et al., 1994; 1999; 2000). 
Similarly, directly available Mn concentrations are also very high in the summit zone of Mount 
Tambuyukon at 594 ± 67 µg/g. The 'directly available' metal concentrations used a 0.1 M Sr(NO3)2 
extract, and is comparable to 'exchangeable' metal concentrations using 1M NH4Ac as the 
extracting solution in the earlier mentioned studies. DTPA-extractable Ni also increases strongly 
with altitude and reaches a mean of 145 ± 16 µg/g in the summit zone of Mount Tambuyukon. 
However, if Ni concentration is a determinant for the reduced stature and the absence of trees, it is 
not a determinant of the species diversity, as this is uniformly high. The effects of Ni toxicity 
depend also on the concentrations of Ca and Mg and other divalent ions (Becquer et al., 1997), and 
high concentrations of these ions in the soils on Mount Tambuyukon indicate that Ni toxicity might 
be reduced, although high soil Ni may have chronic rather than acute toxic effects (Proctor, 2003). 
3.3 Leaf litter and foliar chemistry 
 
Analysis of the chemical composition of leaf litter might give insight into nutrient cycling (Ca, K, 
P) and shedding of toxins (Ni, Mn, Cr, Co). Leaf litter samples were therefore analysed from each 
plot (one sample per plot) and pooled according to zone (lowland, lower montane, upper montane, 
summit). Concentrations of Al, Na and P are not significantly different (p = < 0.01), but 
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concentrations of Ca, Co, Cr, Fe, Mg, Mn and Ni are much higher in leaf litter from Mount 
Tambuyukon (Table 12.4). In contrast, leaf litter concentrations of K are much higher on Mount 
Trus Madi. Whereas on Mount Tambuyukon leaf litter K concentrations decrease with altitude, on 
Mount Trus Madi leaf litter K concentrations increase with altitude. A similar trend is observed 
with Na. Leaf litter Ni increases with altitude on Mount Tambuyukon (but not on Mount Trus 
Madi). Proctor et al. (1989) suggest that plants can detoxify Ni by litter fall (e.g. by shedding leaves 
rich in Ni), and comparing Ni concentrations in leaves and litter shows much higher Ni in the leaf 
litter than in the leaves (Table 12.4 and 12.5).  
 
The foliar chemistry of dominant tree species (defined by basal area) were pooled by altitudinal 
zones and contrasted between Mount Tambuyukon and Mount Trus Madi. Table 12.5 shows foliar 
elemental chemistry of trees growing on both mountains. Foliar concentrations of Ca (mean of 6247 
µg/g versus 1191 µg/g) and Na (mean of 1177 µg/g versus 196 µg/g) are much higher on Mount 
Tambuyukon, whereas foliar concentrations of Co, Cr and K are very similar and not significantly 
(p = <0.01) different. Foliar concentrations of Fe, Ni, Mn and Mg and Ni are, however, significantly 
different, but only marginally higher on Mount Tambuyukon. Foliar concentrations of P are 
significantly higher on Mount Trus Madi. Foliar Al is lower on the upper montane and summit 
zones of Mount Tambuyukon. On both mountains, foliar Al is highest in the lower montane zone. It 
should be noted that Al hyperaccumulators (>1000 µg/g foliar Al) occur on both mountains and 
hence skew overall foliar Al concentrations. On Mount Trus Madi, foliar Mn markedly decreases 
with altitude, and foliar Na increases with altitude. On Mount Tambuyukon, foliar Mn also 
decreases with altitude, whereas on both mountains foliar Mg strongly decreases with altitude.  
 
Foliar samples were collected from the majority of co-occurring plant species in the summit zones 
of Mount Tambuyukon (35 species) and Mount Trus Madi (32 species) and analysed for elemental 
composition as shown in the boxplots of Figure 12.2. Foliar Al, Co, Cr, Fe, K, Mn, Ni, P and Zn 
concentrations were not significantly different (p = < 0.01) between the summit floras. The nearly 
identical concentrations of Ni, Co and Cr are remarkable considering the radically different soil 
concentrations between the two mountains. Foliar concentrations of Ca and Mg were much higher 
on Mount Tambuyukon; on average 6.9-fold and 2.6-fold, respectively, compared to Mount Trus 
Madi. The foliar Mg:Ca molar quotient was consequently higher on Mount Trus Madi (mean of 2.1 
versus 0.7). Analysis of total foliar C and N concentrations from 17 plant species from the summit 
zones of Mount Tambuyukon and Mount Trus Madi show a mean C are 46 and 49 Wt% 
respectively for Mount Tambuyukon and Mount Trus Madi and the mean N 0.86 and 0.94 Wt% 
respectively, with a mean C:N of 60 and 67, none of these values are statistically significant. 
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3.4 Vegetation physiognomy and structural features 
 
Overall, vegetation zonation differed in altitudinal range on Mount Tambuyukon and Mount Trus 
Madi. No information was previously available on vegetation zonation on Mount Tambuyukon, but 
earlier surveys on Mount Trus Madi (Kitayama et al., 1993; Adam, 2001) showed significant 
changes in canopy height, density and species composition associated with vegetation zonation. 
Mount Tambuyukon and Mount Trus Madi both have cloud-forests (TMCF), which forms a facies 
of the Upper Montane zone. This is in line with the view of Whitmore (1975) and Kitayama (1995) 
that the cloud forest forms part, but its not synonymous with the Upper Montane zone. On Mount 
Trus Madi the cloud-forest extends to the main summit zone with sub-alpine elfin cloud forest (a 
short dense shrub), whereas on Mount Tambuyukon the vegetation opens up to a graminioid 
vegetation. The altitudinal sequence of floristics and vegetation physiognomy on both mountains is 
in agreement with overall trends for tropical mountains (Grubb, 1977; Whitmore, 1975). As such, 
the results showed that species diversity, mean leaf size, mean vegetation height and tree volume all 
decrease with increasing altitude. The altitudinal compression manifests itself in lower mean tree 
height on comparable altitudes, a downward shift in structural floristic groups and smaller mean 
leaf size classes. The latter was also found on Mount Bloomfield where 13% of the trees on non-
ultramafic soils had microphyll leaves compared to 47% on the ultramafic soils (Proctor, 2003). 
Figure 12.3 shows spread graphs of tree families against altitude on Mount Tambuyukon (A) and 
Mount Trus Madi (B). The lower limit of the cloud-forest on Mount Tambuyukon is lower, and 
coincides partly with the Lower Montane Forest (from approximately 1700 m asl, whereas on 
Mount Trus Madi the cloud-forest proper starts from approximately 2000 m asl), and the cloud-
incidence does appear to control floristic assemblages of species. In addition, the altitudinal range 
of many families is narrow which suggests that their occurrence on both mountains is controlled by 
fine-scale edaphic and environmental factors. Although ultramafic soils are generally associated 
with small stature low-productive forests, the tall dipterocarp forest at the foot of Mount 
Tambuyukon, with basal area of 251 m2/ha and a tree volume of 2657 m3, and a basal area of 334 
m2/ha in the lower montane zone, are certainly very productive compared to the average tropical 
rainforest with a mean of 36.5 m2/ha (Dawkins, 1958, 1959). Similarly, high-productive forest was 
also described from Mount Silam with 46.2 m2/ha (Proctor et al., 1988).   
 
Gymnosperms (families Araucariaceae, Podocarpaceae, Phyllocladaceae) are important structural 
elements in the montane zone with a preference for more low-nutrient soils (Kitayama et al., 2011). 
This could be explained by shade intolerance and the requirement that gymnosperms need tree gaps 
for regeneration, conditions that occur as a result of nutrient-deficiency at high altitude, or in other 
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nutrient-poor ecosystems with sparse tree cover, such as the ‘kerangas’ (heath) forest in the 
lowlands. The results show that gymnosperms reach maximum species richness around 1500 m asl, 
but are more abundant at all altitudes on Mount Tambuyukon. Percentage contributions of 
gymnosperm versus angiosperm trees to total volume per plot over altitude on Mount Tambuyukon 
and Mount Trus Madi. Shows that different species and genera have separate, but sometimes 
overlapping, altitudinal sequences, with Podocarpus and Dacrycarpus mainly dominant in the 
lower and upper montane zone, and Dacrydium dominant in the summit zone. The generalist 
species, Phyllocladus hypophyllus, has the widest altitudinal occurrence. This fits with the results 
from Kitayama et al. (2011) who report that gymnosperms occur at lower altitudes on ultramafic 
soils. In permanently open conditions, such as the summit shrub of Mount Tambuyukon, 
gymnosperms can regenerate continuously. The competitive advantages of gymnosperms over 
angiosperms under edaphically- and climatically-limited conditions mean that gymnosperms 
dominate on ultramafic soils of Mount Tambuyukon and are much less abundant on Mount Trus 
Madi. The Myrtaceae are an almost exclusive montane element, although they can also dominate in 
low nutrient lowland systems (such as the ‘kerangas’) and on ridges. Myrtaceae, principally 
Syzygium in the lower and upper montane forest and Leptospermum and Tristaniopsis in the summit 
zone, are very common on both Mount Tambuyukon and Mount Trus Madi. The presence of many 
Myrtaceae-species in the lowland forest of Mount Tambuyukon is unexpected, but indicates the low 
nutrient status of these soils. The Dipterocarpaceae, Meliaceae, Euphorbiaceae, and Annonaceae are 
typical lowland elements in this forest. 
3.5 Plant diversity 
 
This research recorded 1462 species in 480 genera and 148 families (Mount Tambuyukon) and 321 
species in 161 genera and 82 families (Mount Trus Madi). These diversity totals demonstrate the 
high levels of plant diversity of the two mountains. Comparing the diversity figures of the plots 
(Table 12.1) with the regional ultramafic mountains Mount Giting-Giting, Mount Bloomfield and 
Mount Silam, shows that Mount Tambuyukon is extremely biodiverse. For example, Mount Giting-
Giting had 98–111 species per 0.25 ha at 860 m asl and 38 species per 0.25 ha at 1240 m asl 
(Proctor et al., 2000), whereas Mount Tambuyukon had 285 species per 0.2 ha at 671 m asl and 134 
species per 0.025 ha at 1466 m asl. Compared with another ultramafic mountain in Sabah (Mount 
Silam), which had 91 species per 0.24 ha at 610 m asl and 19 species per 0.04 ha at 870 m asl 
(Proctor et al., 1988), Mount Tambuyukon is very speciose indeed. Inclusion of collection records 
of Mount Tambuyukon from the database of the Mount Kinabalu Flora (Beaman, 2013) and of 
Mount Trus Madi FR from the herbarium records from the state herbarium (FRC, 2013) shows a 
total of 1695 species (640 genera/172 families - Mount Tambuyukon) and 1678 species (590 
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genera/176 families – Mount Trus Madi). Of these 387 species, 310 genera and 138 families are 
shared between the two mountains. 
 
On both mountains, species richness decreases with altitude. The number of species follows the 
same trend as number of genera on both mountains, and at all altitudes, except for one plot in the 
upper montane zone where species richness is higher on Mount Tambuyukon. There is a slight 
decrease in the number of species on the second highest altitude assessed on Mount Tambuyukon 
(still higher than on Mount Trus Madi), as this plot was covered by a graminoid vegetation with few 
ligneous shrubs. The plot with the highest number of species was then at the highest altitude, the 
summit ridge with a habit of dense scrub. The increase in diversity is associated with the occurrence 
of the ‘cloud-forest’ at a lower altitude on Mount Tambuyukon. Species-area curves of non-
contiguous plots on the summit zones of Mount Tambuyukon and Mount Trus Madi. indicate that 
in the summit zone, a plateau is reached with the species-area curve calculations at 0.12 ha for 
Mount Trus Madi, but no plateau is reached for Mount Tambuyukon at 0.18 ha. Taxonomic 
richness (species/families) is higher on Mount Tambuyukon, with a mean of 2.4 species per family 
versus 1.7 species per family for Mount Trus Madi (p = 0.0008). 
 
Figure 12.4 is a NMDS graph of quantitative tree data on the levels of families, genera and species 
and shows that the plots from Mount Tambuyukon cluster along a diagonal plane across the 
NMDSs running from the lowland to summit zone. One-way SIMPER-analysis of tree genera, 
again using quantitative data, shows relative contributions of tree genera to the main vegetation 
zones (Table 12.6). Finally, one-way SIMPER-analysis of relative contributions of species based 
on all vascular plant species (presence/absence data) shows 85.1% dissimilarity. The lower and 
upper montane zones on both mountains are more closely related, and the summit zone of Mount 
Tambuyukon diverges, pointing to its unique species. In contrast, the summit zone of Mount Trus 
Madi is more closely related to the upper montane zone, as it clusters together with this zone. In the 
context of Mount Kinabalu, the divergence in differences in the vegetation with altitude has been 
partly attributed to the more rapid nutrient cycling due to the warmer climate, which may in part 
compensate for the inherent geochemical differences between the ultramafic and non-ultramafic 
soils at 700 m (Aiba and Kitayama, 1999). 
 
Detrended Correspondence Analysis (DCA) was performed on the quantitative tree genera (using 
tree volume) and environmental variables (altitude and soil chemistry) for all plots across the zones 
on Mount Tambuyukon and Mount Trus Madi. The supplementary variables (altitude and soil 
chemistry) explained a total (adjusted) variation of 50.5%. The results (Figure 12.5) closely align 
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with the NMDS graph of Figure 12.4, with the summit zone of Mount Tambuyukon separating out 
(Leptospermum and Dacrydium as indicator genera), whereas the summit zone of Mount Trus Madi 
and the upper montane zone of Mount Tambuyukon partly overlap (with Magnolia, Tristaniopsis, 
Phyllocladus and Agathis as indicator genera), and the upper montane zone of Trus Madi and the 
lower montane zone of Mount Tambuyukon are similar (with Quercus, Syzygium, Timonius, 
Podocarpus and Lithocarpus as indictor genera). The lowland zone of Mount Tambuyukon is very 
dissimilar and clusters separate from the other zones. Taken together this analysis supports the 
hypothesis that vegetation zonation on Mount Tambuyukon is compressed in terms of species 
composition as, floristically, altitudinally lower zones on Mount Tambuyukon align with 
altitudinally higher zones on Mount Trus Madi. Comparing the NMDS of Figure 12.4 with the 
DCA too reveals similarities, but provides a link to vegetation zonation, showing that altitude is the 
overarching factor driving vegetation contain with higher exchangeable Al, Ca and K associated 
with Mount Trus Madi, and higher DTPA-extractable Co, Mn and Ni and higher total Mg 
associated with Mount Tambuyukon. 
 
Both mountains have a range of species unique to them, and this is particularly so for Mount 
Tambuyukon, although many endemics of Mount Tambuyukon are shared with Mount Kinabalu. 
The extremely short vegetation on Mount Tambuyukon forms the habitat of a number of terrestrial 
orchids which are endemic to this mountain, including Platanthera kinabaluensis, P. crassinerva, 
Cymbidium elongatum, Thrixspermum triangulare, Thrixspermum sp. nov., Dendrobium piranha, 
Calanthe otuhanica and Coelogyne rupicola (all of these have also been recorded from ultramafic 
soils on Mount Kinabalu). Other endemic herbs include Euphrasia borneensis (Orobanchaceae), 
Drosera ultramafica (Droseraceae), Eriocaulon hookerianum (Eriocaulaceae), Begonia 
vaccinioides (Begoniaceae), and Gynura tambuyukensis sp. nov., of which the former two are only 
known from Mount Tambuyukon. A number of woody shrubs are also endemic to Mount 
Tambuyukon, namely Leptospermum recurvum (Myrtaceae), Helicia maxwelliana (Proteaceae), 
Ilex zygophylla (Aquifoliaceae), Weinmannia clemensiae (Cunoniaceae), Schefflera tambuyukensis 
sp. nov. (Araliaceae), Rhododendron meijeri and R. baconii (Ericaceae), Scaveola verticillata 
(Goodeniaceae) and Pittosporum peridoticola of which the first five are also known from Mount 
Kinabalu. Many plant species which are abundant on Mount Tambuyukon appear absent from 
Mount Trus Madi, and these include Magnolia persuovalensce (Magnoliaceae), Decaspermum 
vitis-idaea (Myrtaceae), Styphelia malayanus (Ericaceae), Lithocarpus rigidus (Fagaceae), Myrica 
javanica (Myricaceae) and Clethra pachypella (Clethraceae).  
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On Mount Trus Madi, the summit scrub generally has a canopy height lower than 5 m, and in many 
places lower than 3 m. The canopy cover is dense and dominated by Leptospermum javanicum, 
Xanthomyrthus flavida and Tristaniopsis elliptica. Mount Trus Madi also has a number of endemic 
orchids in the summit shrub, including Thrixspermum erythrolomum, Dendrochillum suratii and D. 
trusmadiense, but these are epiphytic. The shrubs Rhododendron lamrialianum subsp. 
gunsalaminium and Rhododendron borneense subsp. borneense occur on Mount Trus Madi and are 
not known from Mount Tambuyukon, but occupy the same niche as Rhododendron meijeri and R. 
baconii on Mount Tambuyukon. Furthermore, podocarps are both abundant and speciose on Mount 
Tambuyukon, but insignificant on Mount Trus Madi. On Mount Trus Madi, Dacrydium gibbsiae is 
replaced by D. xanthandrum. The Araucariaceae, represented on Mount Tambuyukon by the very 
common Agathis kinabaluensis, is totally absent from the upper montane forest and summit flora of 
Mount Trus Madi (although A. lenticula has been recorded from the Trus Madi FR). Only 
Dacrycarpus imbricatus is common between the mountains. Both mountains have endemic pitcher 
plants: Nepenthes rajah, N. villosa and N. edwardsiana on Mount Tambuyukon, and N. 
macrophylla on Mount Trus Madi, whereas N. lowii is shared between the two mountains (and 
hybridises with N. macrophylla on Mount Trus Madi resulting in the endemic N. x trusmadiensis). 
4. Discussion  
 
The summit zones of Mount Tambuyukon and Mount Trus Madi are extreme environments due to 
the exposure, high wind force, large temperature and humidity differences, very high (UV-B) 
insolation and erratic rainfall events. Several environmental factors have been proposed as 
explanations for the reduction of vegetation physiognomy in this zone, namely occasional severe 
droughts, water logging of soils, soil acidity, low transpiration rates and wind exposure (Bruijnzeel 
et al., 1993).  
 
Due to high water permeability and low organic carbon, ultramafic soils could be more prone to 
water deficiency during droughts and this might help explain vegetation stunting (Proctor and 
Woodell, 1975; Aiba and Kitayama, 1999), and morphological adaptations to drought (Cavalier, 
1996). Proctor et al. (1999) found a proportional correlation between tree height and soil water 
retention on the ultramafic Mount Bloomfield (Philippines), and attributed this as a major 
explanatory factor for the vegetation stunting. Kitayama et al. (1999) reported that damage from 
severe droughts (1982–83, 1997–98) associated with the El Niño Oscillation events (Lowry et al., 
1973; Walsh 1996) generally increased with altitude, but that the vegetation on ultramafic soils was 
least affected and experienced significantly lower tree mortality. This might be explained by 
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adaptations to nutrient deficiency as a consequence of morphological and physiological traits 
providing protection to water stress (Grime, 1977; Chapin, 1991), coupled with decreased growth 
rates (Kitayama et al., 1999). However, as far as known, no mass tree mortality has occurred on 
Mount Tambuyukon. The abundance of Nepenthes rajah, a very long-lived drought-sensitive 
species, in the summit zone of Mount Tambuyukon and other drought-sensitive species in small 
marshes at the footslope of the main summit ridge of Mount Tambuyukon which contain a range of 
plant species (Haloragis micrantha, Eriocaulon hookerianum, Patersonia lowii, Aletris foliolosa, 
Oreobolus cambiguus) suggests that droughts are probably not responsible for causing altitudinal 
vegetation compression on Mount Tambuyukon. 
 
In contrast to droughts, waterlogging and soil acidity have been proposed as a factor partly 
responsible for vegetation stunting on tropical mountains (Bruijnzeel et al., 1993). However, 
waterlogging and soil acidity change very little with altitude on either mountain. Furthermore, the 
soils of the summit zone of Mount Tambuyukon are much less acidic (pH 6) but have smaller 
vegetation stature compared to Mount Trus Madi. The soil pH on Mount Tambuyukon increases 
with altitude, with the most acidic soils in the lower montane zone. Related to soil acidity are the 
lower rates of N-mineralisation of leaf litter with increasing altitude that in turn are associated with 
lower soil moisture contents (Marrs et al., 1988). This factor is causality interlinked with 
waterlogging and acidity because an increase in the leaf litter layer (and humus) promotes increased 
water-holding capacity and waterlogging, causing organic layers to release organic acids. This in 
turn results in lower rates of N-mineralization and availability of this element to plants (Grubb, 
1977). 
 
Low transpiration rates could depress the uptake of soil nutrients (Odum, 1970; Grubb, 1977) as 
well the uptake of potentially phytotoxic elements (Ni, Co, Mn) from the soil. Low transpiration 
rates have been reported from Mount Silam, due to frequent wetting of the canopy by fog and 
clouds (Bruijnzeel et al., 1993). These findings fit with the observations from Mount Tambuyukon. 
The effect of wind exposure was dismissed as a case for vegetation stunting on Mount Silam 
(Proctor et al., 1988), but that mountain is more than 1500 m lower than either Mount Tambuyukon 
or Mount Trus Madi. As such, these two mountains experience persistent strong winds in the 
summit zones and this, in combination with the very shallow soils, limits the size to which shrubs 
could grow. This is further supported by the observation of wind pruning on steep ledges on Mount 
Tambuyukon, and the occurrence of greater individuals of the same species on more sheltered 
sections of slopes. Proctor et al. (1988) also commented that wind exposure could exacerbate 
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drought (due to increased transpiration), but constant cloud cover (and hence high humidity) would 
likely reduce this effect. 
 
Proctor et al. (1988) suggest that extreme stunting of ultramafic mountains in the region is likely 
associated with the ‘Massenerhebung Effect’ but Mount Tambuyukon is not an isolated or small 
mountain massif. The proximity of Mount Tambuyukon (2579 m asl) to Mount Kinabalu (4095 m 
asl), generally considered forming the same mountain massif, although 12 km apart and separated 
by a deep (600 m asl) valley, would suggest that the effect of altitudinal compression would be less 
on Mount Tambuyukon due to its mass elevation effect. However, Mount Tambuyukon is nearly 
1000 m higher than any other ultramafic mountain on the Island of Borneo. True ligneous 
graminoid shrub on tropical ultramafic mountains is only known from Mount Tambuyukon, 
whereas other ultramafic mountains (Mount Silam, Mount Bloomfield) have an open short forest. 
The exception is Mount Giting-Giting on Sibuyan Island (Philippines), whose lower slopes were 
studied by Proctor et al. (1998). This mountain has a graminoid summit shrub, but it has not been 
studied in any detail to date. 
 
Finally, Proctor (2003) speculated that the graminoid scrub on Mount Bloomfield, Mount Giting-
Giting and Mount Piapi could have been the result of recurring fires. However, this seems unlikely 
to be the case for Mount Tambuyukon and several Philippines mountains (Mount Mantalingajan, 
Mount Victoria) with graminoid scrub that are the habitat of endemic extremely slow-growing fire-
intolerant Nepenthes, restricted to this zone, and various other (slow-growing) local endemics. 
 
As discussed earlier, (extreme) soil acidity might be important on Mount Trus Madi, but the soils in 
the summit region of Mount Tambuyukon are mostly circum-neutral or very mildly acidic, and the 
vegetation is more stunted than on Mount Trus Madi. This would suggest that soil acidity alone 
cannot explain the differences between the mountains. Although Proctor et al. (1988) concluded 
that the forest stunting at higher altitude on Mount Silam was not a result of soil toxicity, the soils 
of the summit area of Mount Tambuyukon are far more extreme than those of Mount Silam. On 
Mount Tambuyukon, the extremely high extractable concentrations of not only Ni and Mg, but also 
Mn and Co suggest that soil toxicity could have local ecological implications. Ni toxicity has been 
shown to affect cell division and cell expansion in plant roots (Robertson and Meakin, 1980), but 
controlled experiments with native tropical ultramafic species are rare. One such experiment in 
New Caledonia has shown that Cunonia macrophylla (Cunoniaceae) was highly tolerant to Ni 
(dosed up to 500 mg/L to potted plants), and toxicity only occurred above 1000 mg/L (Léon et al., 
2005).  
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Excess Mg has also been shown to cause toxicity to plants on ultramafic soils and inhibit Ca uptake 
(Vlamis and Jenny, 1948; Proctor, 1970; Nagy and Proctor, 1997). Indeed, exchangeable Mg, and 
Mg:Ca molar quotients are high in the soils from Mount Tambuyukon, but there appears no 
concomitant trend with vegetation stature. Some of the highest Mg concentrations are found in 
obligate ultramafic species [for example, Gynura tambuyukonensis (20 890 µg/g) and Scaevola 
micrantha (12 360 µg/g)]. Although Ca is often found to be significantly lower in ultramafic soils 
elsewhere (Brady et al., 2005), in the summit zone of Mount Tambuyukon Ca is actually much 
higher (mean four-fold) than in the non-ultramafic Mount Trus Madi where Ca is likely leached 
from the acidic soils. Ca has been shown to mitigate the toxicity of Mg and Ni (Proctor, 1970; 
Johnston and Proctor, 1981). Foliar Na concentrations are much higher on ultramafic soils (mean 6-
fold), but leaf litter concentrations are similar suggesting effective foliar re-sorption in leaves before 
senescence. The higher foliar Na can be explained by the mean 30-fold higher exchangeable soil Na 
concentrations on Mount Tambuyukon. Na+ competes with K+ for uptake by plant roots, and in K-
limiting environments (ultramafic soils), Na could take over many of its functions in maintaining 
turgor, osmotic balance and stomata function, which are linked to drought tolerance and response to 
solar radiation. 
 
Kitayama et al. (1998) concluded that N-mineralisation was mostly constrained by temperature and 
available moisture on non-ultramafic soils on Mount Kinabalu, whereas on ultramafic soils, N-
mineralisation was mainly constrained by temperature and likely also P-deficiency. Low soil P 
could also exacerbate the effects of drought because low P (and N) supply could limit root growth 
and hence reduce the capacity of plants to extract water from the soils (Grime and Curtis, 1976; 
Proctor et al., 1999). Therefore, the extremely low available P in the soils of Mount Tambuyukon 
found in this study could be a major cause of the much-reduced stature of the vegetation, 
particularly in the summit zone. Foliar quotients between N:P, N:K and K:P can be used to infer 
nutrient-deficiency (Koerselman and Meuleman, 1996; Aerts and Chapin, 2000; Olde Venterink et 
al. 2002, 2003), but, although low, the differences are not significant between these quotients, C:N 
and total concentrations of these elements are not significant (p = < 0.01). Exchangeable soil K is 
lower on Mount Tambuyukon but foliar K concentrations are similar between Mount Tambuyukon 
and Mount Trus Madi, indicating that this element is probably not limiting. Even though it has 
frequently been reported that foliar elemental concentrations reflect that of the ultramafic soil 
(Proctor, 2003), the excess of trace elements (Co, Cr, Co, Ni or Mn) in the soils on Mount 
Tambuyukon is not reflected in the foliar chemistry. 
 
  326 
It is difficult to untangle the biogeographical effects that Mount Kinabalu might have on nearby 
Mount Tambuyukon. The ultramafic rocks of Mount Tambuyukon probably represent part of an 
ophiolite of Middle Jurassic to Early Cretaceous age (100–176 Mya) (Hutchinson, 2005) and were 
tectonically emplaced in the Late Cretaceous or Early Palaeogene (45–100 Mya) (Newton-Smith, 
1967; Cottam et al., 2010). Mount Tambuyukon and Mount Kinabalu are both part of an elevated 
region, which started to form in the Early Miocene and probably increased in extent since the 
Middle Miocene (19 Mya onwards) (R. Hall, Royal Holloway University, UK, pers. comm.). Much 
of eastern Sabah was at, or close to, sea level until the end of the Miocene and it is likely that 
Mount Kinabalu and Mount Tambuyukon became higher in this period (Hall, pers. comm.). In 
comparison, the Crocker Range (inclusive of Mount Trus Madi) is of Eocene to Early Miocene (50–
20 Mya) age. Indications for a historical greater height of Mount Tambuyukon is found in very 
extensive sub-aerial debris flows around the base resulting from geologically recent erosion, but it 
is unknown how high Mount Tambuyukon has been or whether it has been continuously a 
significant mountain since its uplift. In New Guinea, the tree-line was lowered by as much as 1500 
m during the Pleistocene (Walker and Flenley, 1979) which means that even considering the current 
height of Mount Tambuyukon (2579 m asl), the mountain would have had a sub-alpine flora. 
However, the TMCF almost completely disappeared during the Pleistocene (Flenley, 1991), and 
Flenley (1995) proposes a hypothesis that this is the result of a lack of suitable climate 
(temperature) and high UV-B insolation. Given its high altitude, these effects would have been 
particularly strong on Mount Tambuyukon.  
 
With this geological perspective, the presence of so many endemic plant species, on Mount 
Tambuyukon in particular, indicates isolation. Most of the local endemics appear to be paleo-
endemics and the summit flora is distinctly relictual. Schefflera tambuyukensis sp. nov., for 
example, is endemic to Mount Tambuyukon and not closely related to any other species in the 
genus (A. Ahmad Puad, Western Michigan University, USA, pers. comm.). However, as a part of 
this study, Elaeocarpus inopinatus (Elaeocarpaceae) was discovered on Mount Trus Madi, 
previously only known from the type collection on ultramafic soils of Mount Kinabalu, indicating 
that more rare (relictual) species could be shared between the two mountain massifs if the flora 
were better known. Neo-endemics are also known and Leptospermum recurvum, as an example, has 
probably evolved as a high altitude congener of Leptospermum javanicum (Lee and Lowry, 1980b). 
Although on Mount Kinabalu the two species are altitudinally differentiated, in the summit area on 
Mount Tambuyukon both Leptospermum species co-occur together. Mount Tambuyukon shares 
much of its flora with Mount Kinabalu, but there are some truly inexplicable biogeographical 
occurrences. For example, this research discovered Korthalsella geminata (Viscaceae) on Mount 
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Tambuyukon, not known from Mount Kinabalu, and known in Borneo only from the type collection 
on Mt. Sakoembang (930 m asl) over 1000 km further south in Kalimantan. 
5. Conclusions 
 
At the start of this study it was hypothesised that the extreme ultramafic soil chemistry of Mount 
Tambuyukon was correlated with the reduction in vegetation stature. Indeed, the soil chemistry of 
Mount Tambuyukon is more adverse (e.g. higher concentrations of extractable Ni and Mn and 
higher Mg:Ca molar quotients) with increasing altitude, and this is matched by a marked reduction 
in vegetation stature. The change in soil chemistry is probably the result of climate, which strongly 
influences bedrock weathering and soil formation. As such, the soils range from deep laterite 
profiles at the low altitudes to shallow soils with mor-humus formation at mid-altitudes, and stony 
soils directly derived from the bedrock in the summit zone. On Mount Trus Madi soil chemistry 
also changes with altitude. The associated relationship between vegetation stunting and changes in 
soil chemistry might not be as causal as other factors, such as temperature, rainfall regime, wind 
exposure and high insolation which also change with altitude. These environmental and edaphic 
factors could also explain the distinct morphological adaptations of plants growing in the summit 
zone, including xeromorphic characteristics such as microphylly, sclerophylly and glaucescent 
features, as well as thick leaves and vertical leaf inclination, all of which are more pronounced on 
Mount Tambuyukon. These adaptations were hypothesised to have evolved to cope with the 
frequent changes in insolation intensity and humidity deficits to reduce transpiration (Bruijnzeel et 
al., 1993). 
 
Further, it was hypothesised that on comparable altitudes, the levels of plant diversity and 
endemicity would be higher on Mount Tambuyukon. Both mountains are extremely species rich, 
and with increasing altitude, Mount Tambuyukon is more species rich than Mount Trus Madi. For 
example, the most species rich plot (250 m2) in the summit flora of Mount Tambuyukon contains 74 
species (60 genera) versus 45 species (38 genera) on Mount Trus Madi. This effect is less in the 
upper montane flora, where species richness is comparable. Levels of endemicity are higher on 
Mount Tambuyukon, again mainly in the summit zone. It is important to be cautious in 
biogeographical conclusions, however, because the flora of either mountain is far from completely 
known.  
 
Finally, it was hypothesized that phytotoxic concentrations of trace elements (Co, Cr, Ni, Mn) in the 
ultramafic soils would be reflected in the foliar chemistry of trees on Mount Tambuyukon, with 
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Mount Trus Madi serving as a reference. However, foliar chemistry (both in terms of absolute 
concentrations and stoichiometry) is rather similar between the tree floras of both mountains. 
Comparing the foliar chemistry of the summit floras specifically, there were no major differences 
that would indicate either nutrient deficiency or phytotoxicity specific to either mountain. 
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Figure 12.1. Composite Landsat imagery map (‘natural colour’) with positions of Mount 
Tambuyukon, Mount Kinabalu and Mount Trus Madi indicated as well as distances between the 
mountains. 
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Figure 12.2. Boxplots of foliar elemental concentrations (log10 scaled) in plants from the summit 
zones of Mount Tambuyukon and Mount Trus Madi (red boxes are from plants from Mount 
Tambuyukon).
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Figure 12.3. Spread-graphs of occurrence records of tree families over altitude on Mount 
Tambuyukon (red boxes) and Mount Trus Madi (open white boxes).  
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Figure 12.4. NMDS of quantitative tree data on the level of families, genera and species (A) and 
quantitative tree data, also on the level of families, genera and species (B). 
. 
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Figure 12.5. Detrended Correspondence Analysis (DCA) of quantitative tree genera (with tree 
volume as 'abundance') for all plots on Mount Tambuyukon and Mount Trus Madi.  
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Table 12.1. Environmental, physiognomic and diversity characteristics of plots on Mount 
Tambuyukon (top table) and Mount Trus Madi (bottom table).  
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Table 12.2. Bedrock chemistry of Mount Tambuyukon and Mount Trus Madi (elemental 
concentrations in µg/g or % as means and standard error of means). Results of the microwave-
assisted digestion of rock samples with HNO3, HCl and HF.  
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Table 12.3. Soil chemistry of Mount Tambuyukon and Mount Trus Madi (elemental concentrations 
in µg/g or mg/g* or cmol(+)/kg# as means and standard error of means). Abbreviations: 'total' is acid 
digest, 'ML-3' is Mehlich-3 extractable P, 'DTPA' is DTPA-extractable, 'direct.' is exchangeable with 
Sr(NO3)2 and 'exch.' is exchangeable with silver-thiorea.   
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Table 12.4. Leaf litter chemistry of Mount Tambuyukon and Mount Trus Madi (elemental 
concentrations in µg/g as means and standard error of means). Results are from micro-wave assisted 
digestion with HNO3 and H2O2.   
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Table 12.5. Foliar chemistry of Mount Tambuyukon and Mount Trus Madi (elemental 
concentrations in µg/g as means and standard error of means). Results are from micro-wave assisted 
digestion with HNO3 and H2O2.   
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Table 12.6. One-way SIMPER-analysis detailing relative contributions tree genera (using 
quantitative measurements: tree volume) to main vegetation zones on Mount Tambuyukon and 
Mount Trus Madi. 
  
Mount Tambuyukon and Mount Trus Madi, summit zone: average similarity: 25.14
Genus Av.Abund Av.Sim Sim/SD Contrib% Cum.%
Dacrydium 0.1 7.6 0.66 30.24 30.24
Tristaniopsis 0.12 6.62 0.86 26.35 56.6
Leptospermum 0.06 4.4 0.57 17.51 74.1
Phyllocladus 0.03 1.8 0.49 7.15 81.25
Schima 0.02 1.21 0.4 4.83 86.08
Polyosma 0.02 1.01 0.41 4.01 90.09
Mount Tambuyukon and Mount Trus Madi, upper montane zone: average similarity: 38.58
Genus Av.Abund Av.Sim Sim/SD Contrib% Cum.%
Syzygium 1.54 16.16 0.91 41.89 41.89
Tristaniopsis 0.37 5.65 0.68 14.63 56.53
Agathis 0.33 4.36 0.54 11.3 67.82
Lithocarpus 0.44 3.76 0.8 9.74 77.56
Dacrydium 0.28 3.72 0.52 9.64 87.2
Phyllocladus 0.21 1.55 1.4 4.02 91.22
Mount Tambuyukon and Mount Trus Madi, lower montane zone: average similarity: 28.48
Genus Av.Abund Av.Sim Sim/SD Contrib% Cum.%
Syzygium 5.04 12.89 2.16 45.25 45.25
Tristaniopsis 1.19 7.51 1.2 26.38 71.63
Timonius 0.38 2.14 0.93 7.51 79.14
Podocarpus 0.35 2.01 0.88 7.07 86.21
Dacrycarpus 0.33 1.77 0.62 6.2 92.41
Mount Tambuyukon and Mount Trus Madi, lowland zone (no comparison possible)
Genus Av.Abund Av.Sim  Sim/SD Contrib% Cum.%
Shorea 53.83 44.65 - 78.58 78.58
Syzygium 9.96 2.95 - 5.2 83.78
Gluta 5.74 2.06 - 3.62 87.4
Chionanthus 2.11 1.36 - 2.39 89.79
Quassia 7.58 1.32 - 2.32 92.11
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Table 12.7. Detailed plot characteristics and physiognomy for Mount Tambuyukon (top) and Mount 
Trus Madi (bottom). Diversity indices for the plots are based on quantitative tree data only.  
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Table 12.8. Foliar chemistry of plants from the summit zones of Mount Tambuyukon and Mount 
Trus Madi.  
Table. Foliar chemistry of plants from the summit region of  Mount Tambuyukon (µg/g).
Family Species Al Ca Co Cr Fe K Mg Mn Na Ni P S Zn Mg:Ca
Anacardiaceae Buchanania sp. 3.7 7102 1.8 3.9 11.1 4153 3528 45 493 13.8 288 2841 6 0.5
Anacardiaceae Gluta sp. 17.0 10750 1.0 0.8 12.1 2764 2631 27 2286 5.3 221 772 17 0.2
Aquifoliaceae Ilex oppositifolia 23.7 6997 1.5 1.8 19.2 4375 6994 13431 2959 2.6 247 1121 137 1.0
Araliaceae Schefflera foetida 34.5 51761 1.7 2.2 22.4 5536 7625 6591 72 1.9 493 6845 262 0.1
Clethraceae Clethra pachyphylla 27.6 4502 14.3 2.7 69.9 5699 5508 529 562 13.2 296 954 39 1.2
Cunoniaceae Weinmannia clemensiae 32.4 6033 1.0 4.8 33.4 1862 2533 73 657 5.9 235 700 117 0.4
Cyperaceae Ghania javanica 1.2 778 0.9 1.4 16.1 4678 1317 465 67 2.4 426 718 31 1.7
Cyperaceae Machaerina falcata 6.7 781 0.9 0.8 13.8 5316 1461 294 3012 7.5 275 594 37 1.9
Cyperaceae Scleria sp. 17.2 970 0.9 2.5 81.6 15618 2065 94 49 7.1 899 851 54 2.1
Droseraceae Drosera ultramafica 193.2 3346 7.6 45.4 3914.2 1653 4566 244 772 164.8 210 622 262 1.4
Ericaceae Rhododendron baconii 8.1 11683 0.9 2.3 9.3 2539 2722 139 329 10.1 155 3281 14 0.2
Ericaceae Rhododendron maxwellii 14.2 7136 1.0 1.5 8.4 4134 4236 598 172 4.4 217 962 39 0.6
Ericaceae Rhododendron meijerii 21.2 9757 0.6 2.0 21.5 1003 6347 31 165 11.4 158 1155 105 0.7
Ericaceae Vaccinium claoxylon 20.5 9588 1.2 0.8 9.6 3005 1687 315 116 1.4 189 524 11 0.2
Ericaceae Vaccinium pachyderma 16.3 9912 1.3 1.6 11.1 2282 2084 624 90 2.1 206 606 10 0.2
Fagaceae Lithocarpus rigidus 19.5 3297 0.9 2.0 14.2 1935 1830 361 169 8.1 300 601 7 0.6
Goodeniaceae Scaevola verticillata 33.1 11023 1.2 2.5 35.6 2298 3990 549 8336 8.3 244 1160 65 0.4
Goodeniaceae Scaevola verticillata 28.2 8141 0.4 3.9 169.4 1881 1416 203 1096 8.8 221 1427 104 0.2
Juncaceae Juncus sp. 1.7 518 0.8 2.1 36.2 10632 683 201 67 3.4 685 1102 18 1.3
Moraceae Ficus dettoidea var. intermedia 10.7 16037 0.7 1.3 34.9 4592 5604 1551 29 3.5 546 1858 11 0.3
Myrsinaceae Myrsine cf. affinis 11.9 1996 0.9 1.2 7.7 1164 1796 21 4130 8.1 273 1187 32 0.9
Myrtaceae Leptospermum javanica 14.4 2924 1.6 3.1 19.1 2045 1858 77 1110 7.0 331 870 13 0.6
Myrtaceae Tristaniopsis elliptica 7.6 2739 5.5 1.8 10.2 1549 657 360 215 1.5 243 456 30 0.2
Myrtaceae Xanthomyrtus flavida 19.5 2788 4.5 1.2 15.4 2726 1728 649 1070 3.0 257 502 14 0.6
Phyllocladaceae Phyllocladus hypophyllus 12.3 3641 1.2 1.5 9.6 3507 1080 1435 1021 3.0 424 938 18 0.3
Podocarpaceae Dacrydium gibsii 31.2 5810 1.3 1.6 27.8 985 2562 623 170 11.9 359 791 34 0.4
Podocarpaceae Podocarpus gibsii 48.6 10890 0.7 1.4 43.7 1141 4013 76 399 3.2 237 1004 4 0.4
Rosaceae Prunus arborea 12.5 19224 0.9 2.2 17.1 2111 3793 458 25 11.4 231 596 86 0.2
Rubiaceae Hedyotis sp. 351.6 24248 6.1 3.5 47.9 8233 11679 23098 329 6.3 492 2171 260 0.5
Rubiaceae Lasianthus rottendatus 8054.5 13866 0.4 75.4 42.2 2751 7680 333 59 3.3 475 10411 29 0.6
Rubiaceae Timonius mutabilis 40.5 3027 0.7 2.2 11.6 2637 1424 43 1444 3.5 356 1122 12 0.5
Theaceae Adinandra quiquenpireta 28.2 2901 1.0 3.7 9.2 3259 2089 24 3064 10.6 303 1074 5 0.7
Theaceae Eurya oborata 53.1 1555 0.8 1.6 10.7 2834 1965 8 1184 2.4 287 617 99 1.3
Theaceae Schima brevifolia 38.3 5208 0.5 3.0 28.1 2204 2462 471 894 7.2 295 1002 7 0.5
Thymelaeaceae Wikstroemia indica 68.5 5324 1.7 4.4 18.6 12429 5033 126 4752 9.1 603 1589 69 0.9
Thymeleaceae Wikstroemia indica 8.0 10872 4.5 2.9 15.4 1903 6092 2276 2582 10.9 398 1636 175 0.6
Verbanaceae Calicarpa clomenserum 21.3 4618 1.8 3.4 22.8 7245 3147 104 1012 18.4 618 2571 57 0.7
Winteraceae Tasmania piperitta 10.7 7325 1.1 4.2 10.0 1878 2707 2260 1615 1.5 286 1277 51 0.4
mean 246 8133 2.0 5.4 129 3857 3437 1548 1226 11 342 1540 62 0.7
Table. Foliar chemistry of plants from the summit region of  Mount Trus Madi (µg/g).
Family Species Al Ca Co Cr Fe K Mg Mn Na Ni P S Zn Mg:Ca
Aquifoliaceae Ilex cf. kinabaluensis 84.1 2287 2.4 4.6 22.8 5067 2150 269 77 7.8 236 796 139 0.9
Aquifoliaceae Ilex sp. 1 62.4 958 3.2 3.9 15.9 7140 1419 176 73 8.3 433 595 32 1.5
Aquifoliaceae Ilex sp. 2 68.4 905 2.0 2.5 18.3 4786 1809 259 52 1.7 288 700 51 2.0
Araliaceae Arthophyllum sp. 1 45.0 1376 1.2 1.8 22.8 7453 1148 46 47 7.1 490 495 21 0.8
Araliaceae Sclefflera foetida 64.6 3324 1.3 4.4 34.4 9814 1940 455 60 4.8 529 1305 86 0.6
Arecaceae Calamus gibbsiae 26.0 163 1.8 4.3 27.7 3942 641 37 53 4.9 869 1155 14 3.9
Blechnaceae Blechnum cf.vestitum 78.8 1090 2.6 4.4 37.5 15497 3660 110 636 8.4 422 1457 13 3.4
Elaeocarpaceae Elaeocarpus pachyophrys 71.1 981 0.5 7.2 31.0 1895 787 176 73 4.4 400 563 10 0.8
Ericaceae Diplycosia cf.anenrea 60.8 3620 1.8 2.1 27.3 2887 1080 254 68 3.4 329 412 17 0.3
Ericaceae Rhododendron acuminatum 56.3 855 2.3 3.9 18.5 1345 1105 173 56 58.5 124 587 6 1.3
Ericaceae Rhododendron borneense 16.8 315 4.3 5.4 11.0 786 665 62 51 4.0 129 219 6 2.1
Ericaceae Rhododendron trusmadiensis 48.1 1066 2.4 3.0 18.4 4863 922 68 720 3.0 176 424 11 0.9
Lauraceae Neolitsea sp. 21.8 627 1.4 2.2 18.0 2157 341 256 45 0.9 407 602 22 0.5
Loranthaceae Macrosolen sp. 1 101.7 3107 1.2 1.9 26.0 20675 3068 467 67 25.4 205 1577 11 1.0
Moraceae Ficus sp. 1 66.3 2496 3.2 4.7 34.9 6528 2588 222 100 3.2 512 728 31 1.0
Myrsinaceae Embelia sp. 1 18.0 354 1.6 5.5 10.3 3620 611 7 51 1.1 295 341 7 1.7
Myrsinaceae Embelia sp. 2 18.1 1210 1.1 4.3 17.8 3080 1495 26 41 1.3 418 731 3 1.2
Myrsinaceae Myrsine sp. 1 29.6 542 1.5 1.3 15.4 2769 1828 18 69 11.2 298 458 5 3.4
Myrtaceae Leptospermum javanica 58.4 639 2.2 4.4 35.4 2032 359 41 699 1.6 363 895 13 0.6
Myrtaceae Syzygium sp. 1 38.2 374 0.8 2.9 19.4 4065 701 61 215 15.8 302 641 5 1.9
Myrtaceae Tristaniopsis elliptica 37.8 962 3.3 6.5 14.8 1278 905 152 344 2.9 276 757 13 0.9
Myrtaceae Xanthomyrtus flavida 120.3 746 2.6 3.7 55.2 1100 856 99 408 0.8 255 456 10 1.1
Phyllocladaceae Phyllocladus hypophyllus 34.2 1600 3.0 4.8 13.9 3203 734 103 177 11.9 379 886 24 0.5
Podorcarpaceae Dacrydium xanthandrum 30.6 638 2.3 4.0 25.6 2262 339 104 250 1.0 248 430 5 0.5
Rosaceae Rhamnus borneensis 27.1 824 1.3 4.8 23.7 3825 1829 156 114 2.1 433 606 7 2.2
Rosaceae Prunus arboreae 16.4 589 1.6 3.7 13.3 1907 1389 103 28 0.1 366 280 8 2.4
Rubiaceae Psychotria sp. 1 176.8 2806 2.7 4.0 15.9 3151 2739 579 54 8.6 390 769 9 1.0
Saxifragaceae Polyosma sp. 1 3234.0 129 1.6 4.0 18.9 1189 1514 35 329 0.8 234 659 6 11.7
Symplocaceae Symplocus adenophylla 3304.0 776 1.1 5.5 10.4 4832 620 5 88 9.6 204 592 3 0.8
Theaceae Schima wallichii 37.3 44 2.1 1.5 4.7 194 369 9 1 5.8 33 56 0 8.4
Theaceae Ternstroemia lowii 116.7 517 1.6 3.6 12.3 1747 1098 5 94 2.7 230 404 3 2.1
Thymelaceae Wikstroemia cf. tenius 43.7 2531 1.6 6.4 26.1 7449 1679 446 67 2.0 488 950 240 0.7
Winteraceae Tasmania piperita 27.7 206 1.4 4.3 18.4 1442 1294 63 23 3.5 314 417 19 6.3
mean 250 1171 2.0 4.0 22 4363 1324 153 159 6.9 336 665 26 2.1
p-value 1.0 3.6E-05 1.0 0.6 0.3 0.6 7.1E-06 0.07 0.001 0.4 0.9 0.01 0.02 0.001
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Abstract 
 
Localized ultramafic outcrops in Kinabalu Park (encompassing Mount Kinabalu and Mount 
Tambuyukon) in Sabah (Malaysia) are known for high levels of plant diversity and endemism, 
which have been stimulated by extreme soil chemistry and biogeographic factors, such as isolation. 
Characteristic of these outcrops are edaphic endemics of insectivorous pitcher plants from the 
Nepenthaceae-family including (in Sabah) Nepenthes burbidgeae, N. edwardsiana, N. 
macrovulgaris, N. rajah and N. villosa. Although the various aspects of plant taxonomy and 
nutrition of this genus have been extensively studied, the habitat of these rare species has to date not 
been studied in detail. It was hypothesized that soil chemistry is a major driver for creating the 
specific habitats in which ultramafic edaphic endemic Nepenthes occur, and as such this is reflected 
in vegetation physiognomy (particularly tree density and mean height) and co-occurring species 
composition, as well as in the foliar chemistry of Nepenthes. The results show that physiognomy, 
rather than co-occurring species composition, determine habitat differentiation of Nepenthes 
species. However, co-occurring species can be used to predict the likelihood of occurrence of 
different Nepenthes species. The unusual ultramafic soil chemistry is not reflected in the foliar 
chemistry of Nepenthes, which is similar between Nepenthes from ultramafic and non-ultramafic 
soils. Nepenthes burbidgeae, N. edwardsiana, N, rajah, N. villosa are confined solely to the 
protected area of Kinabalu Park. These populations are small (in particular, N. burbidgeae) and are 
thus likely to be vulnerable to the potential effects of climate change induced drought and fire.  
 
Keywords: competitive exclusion, edaphic stress, endemic, soil chemistry.  
1. Introduction 
 
Ultramafic soils, which are derived from minerals rich in magnesium, iron and nickel (Brooks 
1987), are widespread throughout Southeast Asia, but have a patchy distribution. The greatest 
expanses of ultramafic bedrock occur in northern Borneo, the southern Philippines and parts of 
Wallacea and are prominent features of the landscapes of Borneo, Mindanao, Palawan, Halmahera 
and Sulawesi. The flora of ultramafic soils is often characterized by distinct species assemblages 
that are a consequence of extreme soil conditions (which include nutrient deficiency and high 
magnesium:calcium quotients), climatic conditions (montane zones) and biogeographic processes, 
in particular, vicariance (Brooks 1987; Proctor 2003). As such, it has been proposed that discrete 
ultramafic outcrops in conjunction with altitude may have stimulated the evolution of localized 
edaphic endemics (Beaman and Beaman 1990). Such ‘edaphic endemics’ (or ultramafic obligate 
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species) are comparatively rare, and the great majority of plants that colonise ultramafic soils occur 
facultatively on such soils. An explanation for this observation is that most plant species have the 
ecological amplitude to be able to adapt to a range of different soils types. However, some plant 
species might not occur on ultramafic soils as a result of competitive exclusion by plant species that 
are highly specialized to grow under strong edaphic stress, and in turn ultramafic obligate species 
do not occur on other soils because of inherent slow growth rates and are thus outcompeted 
(Kazakou et al. 2008).  
 
Carnivory in plants is a rare trait known from less than 600 species globally; the majority are in the 
angiosperm orders Caryophyllales and Lamiales. The carnivorous syndrome confers maximum 
benefits in habitats that constrain the acquisition of essential nutrients (N, P, K) from the soil, either 
because the nutrients are absent, or inaccessible. Givnish et al. (1984) note that in addition to low 
nutrients status, such habitats are often permanently wet and generally have high insolation. These 
conditions confer a competitive advantage to carnivorous plants, which are able to obtain 
supplementary nutrients through the capture and digestion of animals. Furthermore, carnivorous 
plants benefit from high levels of moisture and insolation because they tend to be poor at limiting 
water loss through the surfaces of their traps (Juniper et al. 1989). Overall, it has been shown that 
carnivorous plants have lower photosynthetic capacity compared with non-carnivorous plants 
(Ellison and Farnsworth 2005; Ellison 2006).  
 
The monotypic Nepenthaceae is one of the largest carnivorous plant families, containing 138 
species distributed in the Paleo-tropics ranging from Madagascar to New Caledonia (McPherson 
2011), with centres of diversity in Borneo (34 species, 24 endemic) and Sumatra (35 species, 25 
endemic). Nepenthes is associated with ultramafic substrates throughout much of its range in 
Southeast Asia, suggesting that these soils somehow promote an optimal environment for the 
carnivorous syndrome, particularly for those carnivorous taxa that deploy pitfall traps. Whether this 
is driven directly by the chemistry of the soil itself, or indirectly by its effects on the physiognomy 
of the plant communities in which Nepenthes grow, has yet to be established. Ultramafic soils have 
high concentrations of trace elements (Ni, Co, Cr, Mn) that may be reflected in the foliar chemistry 
of plants that grow in them (Reeves 2003). The ecophysiological response of plants to uptake of 
excess trace elements can be categorised as either (1) excluder; (2) indicator; or (3) 
hyperaccumulator types (Baker 1981). The majority of plants on ultramafic soils are either 
excluders or indicators, whereas hyperaccumulation occurs in less than 1 : 500 plant species (Van 
der Ent et al. 2013). Apart from three Nepenthes species from ultramafic soils on Obi Island 
(Indonesia) that were included as a part of a broader survey of foliar elemental composition by 
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Brooks (1987), no other elemental analysis of Nepenthes (other than N and P) has been published in 
the scientific literature. The specimens from Obi Island were found to be excluders with low 
concentrations of trace elements. It is not yet known how widespread the “excluder” trait is in 
Nepenthes, but in those species that are excluders, it is more likely that soil chemistry will indirectly 
influence their distributions, through vegetation physiognomy (low tree density and low mean tree 
height). By contrast, the distributions of hyperaccumulators would be directly related to soil 
chemistry, rather than vegetation physiognomy. 
 
Nepenthes is a conspicuous component of the flora of ultramafic soils on Mount Kinabalu. 
Spectacular species such as Nepenthes rajah, N. burbidgeae, N. edwardsiana and N. villosa are 
endemic to Mount Kinabalu and nearby Mount Tambuyukon. In accordance with the predictions of 
Givnish et al. (1984), the distribution of Nepenthes on Mount Kinabalu and Mount Tambuyukon 
indicates that they are abundant are in vegetation that tends to be low, open and stunted (Clarke 
1997). If the existence of open habitats with high insolation is sine qua non for Nepenthes (under 
concomitant permanently wet conditions) then it seems likely that the intrinsic high light 
requirement of the genus is facilitated by vegetation physiognomy rather than plant community 
composition or soil chemistry, but this has yet to be investigated. Furthermore, the reasons for the 
high diversity of Nepenthes on ultramafic soils on Mt. Kinabalu are unknown: if vicariance is a key 
driver of edaphic endemism, then why is Mount Kinabalu so rich in Nepenthes species (12 species, 
including four endemics)? 
 
In this study, we investigated the auto-ecological relationships between several Nepenthes taxa (viz. 
N. burbidgeae, N. edwardsiana, N. rajah and N. villosa (and associated hybrids) that are endemic to 
Kinabalu Park and co-occurring plant species and soil chemistry. As these species are primarily 
edaphic endemics, they are contrasted with two other species (N. macrophylla and N. lowii) that 
grow at comparable altitudes on nearby Mount Trus Madi, where ultramafic soils are absent. The 
former, N. macrophylla, is endemic to Mount Trus Madi, whereas N. lowii is more widespread in 
Sabah and Sarawak. We hypothesized that while the Nepenthes of Mount Kinabalu and Mount 
Tambuyukon are excluders of excess trace elements, soil chemistry is nevertheless a major driver 
for creating the specific habitats in which ultramafic edaphic endemic Nepenthes occur, and that 
this is reflected in vegetation physiognomy and co-occurring species composition as well as in the 
foliar chemistry of Nepenthes. Specifically, it was hypothesized that: (1) vegetation physiognomy 
(mean height and tree density) rather than co-occurring species determine habitat differentiation of 
Nepenthes species; (2) co-occurring species can be used to predict the occurrence of different 
  354 
Nepenthes species; and (3) the unusual ultramafic soil chemistry is reflected in the foliar chemistry 
of Nepenthes. 
2. Materials and Methods 
2.1 Study area 
 
Kinabalu Park is located in the northern part of Sabah (Malaysia) on the island of Borneo and 
covers 754 km2 (Figure 13.1). The Park features two main mountains - Mount Kinabalu (4095 m) 
and Mount Tambuyukon (2579 m asl). Both mountains are inside the Park boundaries, and hence 
receive statutory protection. Mount Kinabalu is over 1500 m higher than any other mountain in a 
1000 km radius. The Tambuyukon massif is roughly 16 km × 6 km and lies approximately 12 km 
north of Mount Kinabalu. Ultramafic rock outcrops encircle the granite Mount Kinabalu massif in a 
collar-like manner. By contrast, the Mount Tambuyukon massif is entirely of ultramafic geology. 
The main ultramafic outcrops inside Kinabalu Park include Bambangan Ridge, Layang-Layang, 
Marai Parai, Penantaran Basin and Bukit Babi. These outcrops range in size from <1 km2 (Mesilau) 
to over 80 km2 (Mount Tambuyukon). Kinabalu Park has a humid tropical climate with a mean air 
temperature of 20°C throughout the year at 1680 m asl (and a mean daily temperature of 12.6°C at 
2700 m asl) and mean annual rainfall of approximately 3000 mm with little altitudinal variation 
(Kitayama 1991; Kitayama et al. 1998). During the year, rainfall is typically lower in the months of 
April and September, which may lead to water deficits at these times. Figure 13.2 provides an 
overview the distribution of Nepenthes on Mount Kinabalu and Mount Tambuyukon and the plot 
localities (each distribution record equals a plot). 
 
To contrast the habitat, soil and foliar chemistry of the ultramafic endemic Nepenthes species with a 
non-ultramafic analogue, fieldwork also took place on Mount Trus Madi, which lies approximately 
70 km south of Kinabalu Park and at 2642 m asl is the second highest mountain in Borneo. The 
entire range in which Mount Trus Madi lies is approximately 80 km long and the geology consists 
of the Trus Madi Formation of mudstone, shale and argillite with subordinate beds of quartzite, 
sandstone, siltstone and limestone breccias (Acres 1972). In 1962 it was categorised as part of a 
Protection Forest Reserve (occupying >100 000 ha) but in 1984 it was excised and subsequently 
extensively logged up to 1500 m. Since 2010, Mount Trus Madi has been re-gazetted as a Class I 
Forest Reserve. 
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2.2 Plot census and sample collection 
 
During the fieldwork, plots (10 m × 25 m) were set out at all major Nepenthes habitats on Mount 
Kinabalu and Mount Tambuyukon across an overall area of 700 km2. The plot census was used to 
gather data on the co-occurrence of plant species in the vicinity of Nepenthes. The plots were 
rectangular-shaped and perpendicular to the topography to avoid local heterogeneity. Plot localities 
were chosen for representative ultramafic vegetation types (e.g. tall lower montane forest, short 
upper montane forest, sub-alpine shrub) and selected to include at least five individuals of any one 
Nepenthes species. Plots were also established on Mount Trus Madi as a means of a non-ultramafic 
comparison. At each plot, the vegetation physiognomy (height and diameter of all trees >10 cm 
dbh) was enumerated and specimens were collected as vouchers to aid identification. All vascular 
plants and ferns (including epiphytes) were collected and processed as herbarium specimens and 
vouchers.  
 
The fieldwork was undertaken between January 2011 and September 2012 as part of expeditions to 
the respective areas. Plant specimens from the plots were deposited at the Sabah Parks Herbarium 
(SNP) and the Herbarium of the Sabah Forestry Department (SAN). In total, 38 ultramafic plots 
were established on Mount Kinabalu and Mount Tambuyukon, and contained the following total 
number of Nepenthes individuals: N. rajah (584), N. villosa (784), N. edwardsiana (31) and N. 
burbidgeae (84). The plots ranged in altitude from 1332–2950 m asl (median 2393 m asl). The non-
ultramafic plots on Mount Trus Madi numbered nine in total, and contained total individuals of N. 
macrophylla (125) and N. lowii (36). These plots ranged in altitude from 2351–2646 m asl (median 
2623 m asl). Overall, the plot census from Kinabalu Park and Mount Trus Madi yielded a total of 
47 plots containing 880 plant species in 318 genera and 119 families. Table 13.1 shows Nepenthes-
species of Mount Kinabalu Park with general geological and altitudinal occurrence and distribution 
whereas Figure 13.3 shows the morphological features of these species and associated hybrids. 
2.3 Soil chemistry in the root zone of Nepenthes 
 
The analysis of soil chemistry is based on two sets of samples: (a) three soil samples from each plot 
as described above; and (b) root zone soil samples collected between the roots of Nepenthes 
species. All soil samples (1–2 kg) were collected in the mineral soil (10–25 cm deep), air-dried to 
constant weight and sieved to 2 mm and packed for transport to Australia. Soil pH was obtained 
from a 1:2.5 mixture, shaking the sample in an end-over-end shaker for 1 hour, and allowing the 
sample to stand for 1 hour before measurement. Samples (200 mg) were digested with 9 mL 
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concentrated nitric acid (70%) and 3 mL hydrochloric acid (37%) in a digestion microwave, and 
diluted to 40 mL with triple distilled water (TDI), before analysis with ICP-AES. This ‘digestion’ 
gives ‘pseudo-total’ elemental concentrations. Plant-available phosphorus was extracted using the 
Olsen method (Olsen et al. 1954) and Mehlich-3 method (Mehlich 1984). Exchangeable cations 
were extracted with silver-thiorea (Dohrmann, 2006). The ‘bioavailable’ fraction of trace metals 
was extracted with DTPA (Lindsay and Norvell 1979). All extractions were undertaken in 50 mL 
PP tubes and supernatants were separated by centrifugation (4000 rpm at 10 minutes) before 
analysis with ICP-AES. The analytical package consisted of: Ni, Co, Cr, Cu, Zn, Mn, Fe, Mg, Ca, 
Na, K, S and P.  
2.4 Foliar chemistry of Nepenthes 
 
Full-grown leaves were collected from each Nepenthes, thoroughly washed with de-mineralized 
water following collection to remove dust contamination, then dried at 60°C for 5 days in a drying 
oven and packed for transport to Australia. Foliar samples of 3–7 co-occurring plant species in each 
plot were also collected, and treated identical to the Nepenthes leaf samples. All samples were 
weighed, crushed, and a 300 mg subsample was digested in 4 mL concentrated nitric acid (70%) 
and 1 mL hydrogen peroxide (30%) in a digestion microwave, and diluted to 40 mL with TDI water 
before analysis with ICP-AES. The analytical package consisted of: Ni, Co, Cr, Cu, Zn, Mn, Fe, 
Mg, Ca, Na, K, S and P. Total foliar carbon and nitrogen were analysed on a subset of leaf samples: 
5 samples from each Nepenthes-species and 17 plant species (each) from the summit flora of Mount 
Tambuyukon and Mount Trus Madi. Approximately 150 mg of finely-ground (100 µm) soil was 
weighed into tin foil boats and analysed on a LECO TruSpec CHN combustion analyser at 1100°C. 
2.5 Statistical analyses 
 
The results from the plot soil samples (three per plot) were averaged before data analysis. 
Statistically significant differences between ultramafic and non-ultramafic soil chemistry were 
tested using Student t-tests, and in univariate space using ANOSM. Similarly, the same test was 
performed for foliar chemistry (comparing Nepenthes from ultramafic and non-ultramafic soils). In 
the multi-variate analysis using abundance data (basal area/ha for trees), there were three plots 
(graminoid shrub on Mount Tambuyukon with N. rajah) where trees (>10 cm dbh) were absent and 
these plots were excluded from the analysis. A minority of plots (9 out of 47) had more than one 
Nepenthes species (maximum of two co-occurring species per plot), and so for the purpose of the 
multi-variate analysis only the Nepenthes species with the greatest number of individuals in affected 
plots were included in the analysis. Non-metric multidimensional scaling (NMDS) and canonical 
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correspondence analysis (CCA) were used to test for potential relationships between soil chemistry, 
Nepenthes and co-occurring species, followed by permutation-based testing with ANOSIM and 
PERMANOVA. Finally, SIMPER was used to identify the contributions of co-occurring species by 
providing discrimination between observed sample clusters (e.g. individual Nepenthes species). The 
statistical analyses were performed using the software packages STATISTICA Version 9.0 
(StatSoft), Excel for Mac version 2011 (Microsoft), CANOCO version 5 and PRIMER + 
PERMANOVA Version 6 (PRIMER-E). 
3. Results 
3.1 Soil chemistry of Nepenthes root zone 
 
The predominant ultramafic rock-type is peridotite, essentially a complex magnesium-iron-silicate 
(generalized formula: Mg3Si2O5(OH)4) that weathers in the humid montane conditions on Mount 
Kinabalu and Mount Tambuyukon to form Fe- and Mg-rich mildly acidic soils. Elemental analysis 
of major and trace elements (pseudo-totals) are given in Table 13.2. Compared to the sandstone-
derived soils from Mount Trus Madi (the habitat of N. macrophylla and populations of N. lowii), 
the ultramafic soils have significantly lower K (p <0.01), and wide-ranging concentrations of Ca 
and Mg, whereas Al, Na and P are similar between the ultramafic and non-ultramafic soils. The 
trace elements Co, Cr, Fe, Mn, Ni and Zn are all significantly higher in the ultramafic soils, 
compared to the non-ultramafic soils from Mount Trus Madi. Table 13.2 also shows exchangeable 
and extractable concentrations of elements. The cation exchange complex of the ultramafic soils is 
characterized by very high concentrations of exchangeable Mg (mean 7.0 cmol(+)/kg), whereas 
concentrations of exchangeable Ca and K are low (comparable to Mount Trus Madi). Exchangeable 
Na is, however, lower in the non-ultramafic soils. Characteristically, the Mg:Ca quotient for all 
ultramafic soils is >1 (mean of 12.8), with a mean of 0.3 for Mount Trus Madi. The soils at Layang-
Layang, the principal habitat of N. villosa, have some of the highest Mg:Ca quotients  ever recorded 
on ultramafic soils (up to 111).  
 
The pH in the ultramafic soils ranges from 3.8 to 7.7 (mean 6.1), and are thus significantly less 
acidic than the non-ultramafic soils from Mount Trus Madi (mean pH 4.1). The lesser acidity of the 
ultramafic soils is a result of the greater concentrations of exchangeable ions (mean CEC of 8.7 
cmol(+)/kg versus mean of 6.0 cmol(+)/kg) and thus higher buffering capacity. As a consequence of 
the greater soil acidity on Mount Trus Madi, exchangeable Al concentrations are also very high 
(mean 5.4 cmol(+)/kg versus 0.2 cmol(+)/kg). Plant-available concentrations of Ni (as DTPA-
extractable) are much higher in the ultramafic soils (mean 54.7 µg/g versus mean of 0.1 µg/g), and 
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such high concentrations might cause phytotoxicity. Plant-available P (as Mehlich-3 extractable) is 
higher (mean 9.1 µg/g versus 3.1 µg/g) in the non-ultramafic soils of Mount Trus Madi, despite 
similar pseudo-total concentrations of this element in both soils; this might be explained by the very 
high Fe concentrations that sequester soluble P. A two-way ANOVA shows that the differences in 
soil chemistry between Nepenthes species are only significant (p <0.01) for N. rajah, N. villosa and 
N. macrophylla, whereas the soils of N. burbidgeae, N. edwardsiana and N. lowii are not 
significantly different. 
3.2 Foliar chemistry of Nepenthes 
 
The ‘profiles’ of foliar elemental concentrations in Nepenthes are indicative of the nutrient-poor 
environments, in which these plants grow, with (very) low concentrations of Ca, K and P (Table 
13.3). The foliar elemental concentrations of Al, K and S are not significantly different (p >0.01) 
between Nepenthes from ultramafic and non-ultramafic soils, whereas foliar concentrations of Ca, 
Mg and Na are higher in Nepenthes from ultramafic soils, and P is lower (p <0.01) compared with 
Nepenthes from non-ultramafic soils (Table 13.3). Concentrations of trace elements that are 
relatively high in ultramafic soils (Ni, Co, Cr) are low in Nepenthes foliage, and do not differ 
significantly from Nepenthes from non-ultramafic soils (N. macrophylla from sandstone-derived 
soils on Mount Trus Madi), except for foliar Zn which is slightly higher in Nepenthes from non-
ultramafic soils.  
 
In order to examine possible soil-induced nutrient deficiencies, the mean foliar chemistry of 
Nepenthes was compared with the mean foliar chemistry of co-occurring plant species in the same 
plots (Table 13.4). Foliar concentrations of Al, Ca, Co, Mn and Ni are significantly lower in 
Nepenthes, whereas concentrations of K, Na and P are higher and concentrations of Cr, Fe and Mg 
are not significantly different (p >0.01). The higher foliar concentrations of K, Na and P, elements 
that can be acquired through insects/tree shrew or rat scats, indicate effective nutrient acquisition by 
Nepenthes in limiting edaphic circumstances. Elements that are primarily acquired through root-
uptake such as Al and Mn are much lower in Nepenthes compared to foliar concentrations in co-
occurring plant species, as are the trace elements Co and Ni. This might be explained on account of 
the limited root-system of Nepenthes.  
 
Extractable soil macro-nutrients (Ca, Mg, K) are not significantly correlated with foliar 
concentrations of these elements in Nepenthes, except Mehlich-extractable P (r = 0.38, p = 0.001). 
Separately, total foliar carbon and nitrogen were analysed on a subset of leaf samples (5 samples 
from each Nepenthes-species and 34 samples from the summit floras of Mount Tambuyukon and 
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Mount Trus Madi). Mean foliar N in ultramafic Nepenthes is 9.3 mg/g (co-occurring plant species 
8.6 mg/g), and for non-ultramafic Nepenthes 10 mg/g (co-occurring plant species 9.4 mg/g), but 
these differences are not significant. Using the same data, foliar P in particular is significantly 
higher in Nepenthes (0.61 and 1.16 for ultramafic and non-ultramafic Nepenthes respectively versus 
mean 0.34 for co-occurring species). Figure 13.4 shows boxplots of foliar concentrations (K, Ca, P 
and S) from Nepenthes (n = 68), myrtaceous shrubs (Myrtaceae, principally Leptospermum, 
Tristaniopsis and Syzygium n = 98), gymnosperms (Araucariaceae, Podocarpaceae, 
Phyllocladaceae, n = 83), graminoids (Cyperaceae, n = 22), Ericaceous shrubs, that are generally 
mycorrhizal (Ericaceae, n = 28), and trees and shrubs (various families, n = 367) from the 
ultramafic soils in Kinabalu Park. Casuarinaceae (Gymnostoma sumatranum, n = 22) from low 
altitude serpentinite soils have also been included as these have N-fixing nodules in the roots, and 
as such have nutrient-advantages. These data support the findings from Table 13.4, with 
significantly higher K and P in Nepenthes compared to other plants growing on the same soils.  
3.3 Vegetation types in which Nepenthes occur 
 
Ultramafic edaphic endemic Nepenthes of Kinabalu Park are restricted to high elevation scrublands 
with xeromorphic and heliophilic features such as sclerophylly, microphylly and reduced mean tree 
height. Such stunted forests and graminoid scrub typically occur at lower altitudes on ultramafic 
soils, compared to non-ultramafic soils. This spatial compression of altitudinal vegetation zonation 
means that the altitudinal limits for lower montane and upper montane forest types, both in term of 
species composition and physiognomy (structure, leaf size classes, density), are significantly shifted 
down (Grubb and Whitmore 1966; Proctor et al. 1988; Bruijnzeel et al. 1993; Aiba and Kitayama 
1999; Ashton 2003). Figure 13.5 shows boxplots of tree density and altitude for each Nepenthes 
species The main vegetation types on which the ultramafic edaphic Nepenthes occur are: (1) open 
upper montane forest (N. burbidgeae, N. edwardsiana); (2) stunted sub-alpine shrub (N. villosa); 
and (3) graminoid shrub (N. rajah). The specific habitats are described in more detail below (refer 
to the map in Figure 13.2 for locality names): 
3.3.1 Nepenthes of open upper montane forest  
 
This vegetation type is widespread on Mount Kinabalu and Mount Tambuyukon, and forms the 
habitat of N. burbidgeae and N. edwardsiana. The main localities include Bukit Babi, Bambangan, 
and the slopes below the summit ridge of Mount Tambuyukon. Depending on slope aspect, the 
vegetation physiognomy ranges from open forest (valley, crests) morphing into sub-alpine shrub 
(ridges). Generally, the upper montane forest has a broken canopy 4–6 m tall and is characterized 
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by trees in the Myrtaceae, Podocarpaceae, Fagaceae, Lauraceae, Phyllocladaceae and 
Magnoliaceae. Characteristic species include: Dacrydium gibbsiae, Dacrycarpus imbricatus, 
Falcatifolium falciforme (Podocarpaceae), Magnolia persuaveolens (Magnoliaceae), Vernonia 
arborea (Asteraceae), Leptospermum javanicum, Tristaniopsis elliptica (Myrtaceae), Phyllocladus 
hypophyllus (Phyllocladaceae), Schima brevifolius (Theaceae), Agathis kinabaluensis or A. 
lenticula (Araucariaceae). N. burbidgeae occurs sporadically in the most open aspects (often at the 
tops of steep ridges) and is never locally abundant, whereas N. edwardsiana is found mainly in 
slightly taller forest where it is generally epiphytic. The hybrid N. × alisputrana (N. burbidgeae × 
N. rajah) occurs almost exclusively at Bambangan in areas where both parent species grow in close 
proximity to one another (N. burbidgeae in the forest on the lower slopes and N. rajah on the 
exposed summit ridge). Another hybrid, N. × kinabaluensis (N. rajah × N. villosa) occurs in the 
lower margin of Layang-Layang in open upper montane forest. Although N. burbidgeae has not 
been recorded on non-ultramafic soils thus far, N. edwardsiana also occurs on non-ultramafic soils 
on the granite East and North Ridge of Mount Kinabalu, albeit at higher altitude compared to the 
ultramafic occurrences.  
 
The vegetation on non-ultramafic Mount Trus Madi (the habitat for N. macrophylla and N. lowii), 
also falls into the category of upper montane forest and shares the same dominant families that 
occurs on Mount Kinabalu and Mount Tambuyukon, although the species composition differs. 
Characteristic species include Dacrydium xanthandrum (Podocarpaceae), Prunus oocarpa 
(Rosaceae), Phyllocladus hypophyllus (Phyllocladaceae), Tristaniopsis elliptica, Leptospermum 
javanicum (Myrtaceae), Rhododendron cuneifolium, Vaccinium claoxylon (Ericaceae), Elaeocarpus 
nanus (Elaeocarpaceae) and Lithocarpus hatusimae (Fagaceae). 
3.3.2 Nepenthes of stunted sub-alpine scrub 
 
The stunted sub-alpine scrub is an extension of the upper montane forest that occurs on lower 
altitudes and shares many species. It occurs mainly on exposed slopes and ridges and trees are 
gnarled and stunted, sometimes reduced to ‘bonsais’. However, in almost all cases, the same species 
occur as taller trees on lower slopes. This vegetation type is the habitat for N. villosa. The most 
significant occurrences are at Layang-Layang and on the summit ridge of Mount Tambuyukon. At 
Layang-Layang on the south face of Mount Kinabalu (2700–3100 m asl), the vegetation is rather 
species-poor and dominated by Leptospermum recurvum (Myrtaceae), and Dacrydium gibbsiae 
(Podocarpaceae). The Dacrydium scrub is 1–2 m tall (although open and bare in places) and co-
occurring species include Rhododendron ericoides (Ericaceae), Hedyotis macrostegia (Rubiaceae), 
Schoenus curvulus (Cyperaceae) and Styphelia malayana and Vaccinium coriaceum (Ericaceae). 
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None of these species are restricted to ultramafic soils. N. villosa is extremely abundant locally 
(100–170 individuals per 10 m × 25 m plots). In contrast, the stunted sub-alpine shrub on Mount 
Tambuyukon is exceedingly rich in species including Scaevola verticillata (Goodeniaceae), 
Weinmannia clemensiae (Cunoniaceae), Leptospermum recurvum, Xanthomyrthus flavida 
(Myrtaceae), Myrsine aralioides (Myrsinaceae), Lithocarpus rigidis, Quercus lowii (Fagaceae), 
Podocarpus kinabaluensis, Dacrydium gibbsiae (Podocarpaceae), Myrica javanica (Myricaceae) 
and Neolitsea zeylandica (Lauraceae). In the more closed vegetation, N. villosa (and the hybrid N. × 
harryana) occur abundantly, whereas in the more open and exposed areas merging to graminoid 
scrub, N. rajah is found. 
3.3.3 Nepenthes of graminoid scrub 
 
Graminoid scrub occurs at two localities in Kinabalu Park; Marai Parai and the summit ridge of 
Mount Tambuyukon. The soils at Marai Parai are acidic and waterlogged, with a dominance of 
sedges such as Costularia pilisepala (Cyperaceae). Levels of nutrients, particularly N, are very low, 
indicated by the abundance of the carnivorous Drosera ultramafica (Droseraceae) (regionally only 
recorded from Marai Parai and the summit region of Mount Tambuyukon). The locally steep 
topography and the highly unconsolidated substrate make the area prone to landslides. The largest 
landslide has relatively young pioneer vegetation, which is characterized by a graminoid open 
structure, with small shrubs. N. rajah occurs throughout this area, particularly in the more open 
places. This is the type of locality for N. rajah, N. edwardsiana (in the adjoining taller forest) and 
N. burbidgeae (similarly in the surrounding forest). 
 
The ultramafic graminoid scrub (<1 m high) on the exposed summit ridges of Mount Tambuyukon 
is unique and not found anywhere else in Sabah or Borneo. The sedges include Machaerina falcata, 
Schoenus melanostachys, Carex cruciata, Gahnia javanica and Scirpus subcapitatus (Cyperaceae), 
and the vegetation is further typified by scattered shrubs such as Leptospermum recurvum, 
Tristaniopsis elliptica, Decaspermum vitis-idaea (Myrtaceae), Lithocarpus rigidus (Fagaceae), 
Myrsine aralioides (Myrsinacrae), Ternstroemia lowii (Pentaphylacaceae), Styphelia malayana 
(Ericaceae), Scaveola verticillata (Goodeniaceae), Wikstroemia indica (Thymelaeaceae), Schima 
wallichii (Theaceae), and Podocarpus brevifolius and Dacrydium gibbsiae (Podocarpaceae). Local 
hyper-endemics include Rhododendron meijeri and R. baconii (Ericaceae) and Begonia 
vaccinioides (Begoniaceae). Drosera ultramafica (Droseraceae) forms dense mats in the more open 
spaces. N. rajah is locally common and forms large rosettes (>1 m across) between the shrubs (50–
100 individuals per 10 m × 25 m plots). 
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3.4 Analysis of co-occurring plant species and vegetation physiognomy 
 
Figure 13.6 presents the results of the ordination analysis (NMDS) of co-occurring plant families, 
genera and species per plot with individual Nepenthes species as factors. Analysis of similarly 
(ANOSIM) was then performed to group clusters. A SIMPER analysis of percentage contributions 
of co-occurring species (individual contributions as tree genera) to the similarity of each Nepenthes 
species (Table 13.5). In general, co-occurring plant families are not particularly well resolved, 
indicating that the families of plants that colonise ultramafic and non-ultramafic substrates are 
similar. At the genus level, patterns of resolution are somewhat clearer, with the non-ultramafic N. 
lowii and N. macrophylla lying between the two ultramafic groups: N. edwardsiana - N. burbidgeae 
group on one hand, and the N. rajah - N. villosa group on the other. At the species level, the non-
ultramafic Nepenthes are even more clearly defined, providing support for the hypothesis that many 
plant families and genera are common to both ultramafic and non-ultramafic substrates, but that 
individual species may not be. 
 
Figure 13.7 shows a CCA of soil and environmental variables in relation to Nepenthes-species. The 
explanatory variables (altitude, tree density, volume and basal area and soil chemistry) in the CCA 
account for 72.4% of the variation and adjusted explained variation is 56.3% (pseudo-F = 4.5, p = 
0.002). The results closely align with those of the NMDS (Figure 13.6), but also links in soil 
chemistry data. The CCA shows that N. villosa is strongly associated with the altitudinal axis, 
whereas N. burbidgeae, N. edwardsiana and N. rajah are (weakly) associated with soil 
exchangeable Mg and pH. N. rajah is associated with low tree density and N. burbidgeae with high 
tree volume and basal area. This exemplifies the different niches for both species in graminoid 
shrub and montane forest respectively. The non-ultramafic species (N. lowii and N. macrophylla) 
distinctly cluster towards the soil exchangeable Al, K (and bicarbonate extractable K) and Mehlich-
3 and Olsen extractable P axes. This further confirms the results of the soil analyses of the nutrient-
status of the non-ultramafic and ultramafic soils associated with Nepenthes-species. 
4. Discussion 
 
This study aimed to elucidate habitat differentiation of ultramafic edaphic endemic Nepenthes 
species in Kinabalu Park based on co-occurring species and soil chemistry. As such, it was 
hypothesized that (1) vegetation physiognomy, rather than co-occurring species, determine habitat 
differentiation of Nepenthes species; (2) co-occurring plant species can be used to predict the 
occurrence of different Nepenthes species; and (3) the unusual ultramafic soil chemistry is reflected 
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in the foliar chemistry of Nepenthes. These hypotheses in light of the results are discussed in more 
detail below. 
4.1 Effects of vegetation physiognomy on Nepenthes habitat differentiation 
 
The results show that vegetation physiognomy (tree density and mean height) is the main factor 
influencing the distribution of Nepenthes and habitat differentiation for Nepenthes-species. 
Requirements for openness (low density and low mean height) are in the order of: N. rajah - N. 
villosa - N. burbidgeae - N. edwardsiana (lower to higher vegetation density and mean height). This 
is not only a light requirement, but also indirectly links with the intensity of competition. In effect, 
the vegetation physiognomy, under the conditions of a perhumid climate and edaphically-limited 
soils, enables conditions suitable for Nepenthes; much in the same way it enables the occurrence of 
a range of (endemic) ground herbs and epiphytes from the graminoid shrub on Mount Kinabalu and 
Mount Tambuyukon. The open nature of the stunted vegetation in which N. rajah, N. villosa, N. 
edwardsiana and N. macrophylla occur results in greater fluctuations in temperature and insolation 
compared to the taller, closed vegetation on the same altitude. 
4.2 Co-occurring plant species as predictors for Nepenthes habitats 
 
Although different co-occurring plant species are not important factors for influencing Nepenthes 
habitat differentiation, apart from overall structural features, some co-occurring plant species have 
evolved in the same habitat and hence share habitat requirements. Moreover, growth characteristics 
and therefore competition are also species-specific as a result of evolution and adaptation to the 
habitat. The results show that different Nepenthes species are associated with specific species 
assemblages, although some species (N. villosa, N. rajah) are associated with more distinct 
assemblages than others (N. burbidgeae, N. edwardsiana). From this, it is inferred that N. villosa 
occupies a distinct niche in Kinabalu Park, and that N. lowii and N. macrophylla grow in vegetation 
of different composition on Mount Trus Madi. Of the former, N. lowii is a generalist species 
growing in a wide array of habitats in montane forest (with no particular affinity for ultramafic 
soils), whereas N. macrophylla is restricted to Mount Trus Madi. In contrast, the vegetation in 
which N. rajah, N. burbidgeae and N. edwardsiana occur is much more similar. These results could 
be of interest with regards to likely prey-capture strategies.  
 
The vegetation in which N. rajah, N. burbidgeae and N. edwardsiana occur are much more similar, 
indicating that these species could co-occur and, potentially, compete for prey. It has been 
suggested that co-occurring Nepenthes species may avoid competition by engaging in resource 
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partitioning (Bauer et al. 2012), and some evidence in support of this hypothesis exists (Chin et al. 
2014). Although this hypothesis has yet to be tested on Nepenthes from Kinabalu Park, it is known 
that N. rajah exploits a nutrient source that N. burbidgeae and N. edwardsiana do not: tree shrew 
faeces (Chin et al. 2010). Although N. burbidgeae and N. edwardsiana grow in vegetation of 
similar stature, they are rarely encountered growing in close proximity to one another, so it seems 
reasonable to conclude that the substantial differences in pitcher structure (see Clarke 1997) are a 
consequence of selective pressures other than direct competition for the same sources of 
supplementary N and P.   
4.3 Effect of soil chemistry on Nepenthes foliar chemistry 
 
The stoichiometry of foliar N, P and K in Nepenthes (and other plants) provides information about 
soil-induced nutrient limitations (Adamec 1997; Wakefield et al. 2005). Carnivorous plants are 
generally N + P co-limited (Ellison 2006), and carnivory has been shown experimentally to mainly 
supply P (Chandler and Anderson, 1976; Stewart and Nilsen 1993; Wakefield et al. 2005). This 
appears to be confirmed with the data from the present study, with much higher foliar P in 
Nepenthes compared to other co-occurring plant species. Recently, it has was discovered that N. 
rajah, N. lowii and N. macrophylla have specialized nutrient acquisition strategies, other than 
carnivory, by having a mutualistic association with the mountain tree shrew (Tupaia montana) and 
summit rat (Rattus baluensis) which defecate into the pitchers (Clarke et al. 2009; Chin et al. 2010; 
Wells et al. 2011; Greenwood et al. 2011). In these Nepenthes species, the lower lid surface 
presents a visual and olfactory cue (Moran et al. 2012; Wells et al., 2011) to attract rodents who 
then feed on the carbohydrate-rich secretions produced by glands (Chin et al. 2010; Greenwood et 
al. 2011). As such, the pitchers are effectively ‘lavatories’ and 57–100% of foliar N uptake can be 
supplied from tree shrew droppings (Clarke et al. 2009). Nevertheless, a comparison of Nepenthes 
and co-occurring plants in the summit floras of Mount Tambuyukon and Mount Trus Madi shows 
that Nepenthes do not have higher foliar N concentrations. Uptake of elements other than N or P has 
only been studied in carnivorous plants that do not belong to the genus Nepenthes (Adlassnig et al. 
2009), and the results indicate that elements likely to be supplied through insect capture or tree 
shrew/rat scats, such as K, Na and P, are significantly higher in Nepenthes compared with non-
carnivorous co-occurring plant species. This is in contrast to other studies, which found that foliar 
concentrations of N, P and K were generally lower in carnivorous plants compared with non-
carnivorous plants (Ellison 2006). Except pseudo-total K and Mehlich-3 P, all elements are 
significantly higher in ultramafic soils from Kinabalu Park, and as such, these ultramafic soils are 
no more nutrient deficient than non-ultramafic soils from Mount Trus Madi.  
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Despite radically different concentrations of siderophile elements (Fe, Ni, Co, Cr, Mn) and very 
high Mg in ultramafic soils compared to non-ultramafic soils (Mount Trus Madi), the foliar 
chemistry of Nepenthes growing in both is rather similar. Pseudo-total and exchangeable and 
extractable elements in ultramafic soils are up to orders of magnitude higher in ultramafic soils 
(particularly Fe, Mg, Mn and Ni) but foliar concentrations are low. The low uptake of trace 
elements such as Co, Cr and Ni places Nepenthes into the excluder category of plants (viz. Baker 
1981). This is perhaps surprising given that the lack of water-conserving physiological and 
morphological features suggests a reasonably unconstrained opportunity for transfer of water into 
and through the plants, and hence the potential elemental uptake via the roots associated with that 
flow. It is possible that Nepenthes have a highly restrictive apoplastic pathway in the roots that 
could reduce the uptake of potentially phytotoxic elements. Such restrictive behaviour towards Ni 
and Mg, for example, would also limit uptake of essential elements including Ca, but additional 
nutrient sources could possibly mitigate such effects in the special case of Nepenthes.  
5. Conclusions 
 
The Nepenthes studied here are restricted to a very unusual combination of factors, namely areas 
with extremely high insolation and permanently wet soils, brought about by the combined effects of 
an edaphic filter (ultramafic soils) and a climatic filter (altitude). Givnish et al. (1984) have 
effectively argued that the restriction of carnivorous plants to high insolation and permanently wet 
soils can be explained by considering the costs/benefits of carnivory in nutrient-poor conditions in 
terms of photosynthetic gains. Under such conditions, essential elements (N, P, K) are most limiting 
to photosynthesis and the production of biomass, and energetic investments in trap organs support a 
greater rate of photosynthesis per total leaf area on the scale of the plant. Nepenthes are at the 
‘slow–return end’ of the energetic costs-benefit analysis (viz. Wright et al. 2004) with high leaf 
longevity, ‘expensive’ high-leaf mass-per-area construction, low foliar nutrient concentrations and 
low rates of photosynthesis and respiration (Ellison 2006). This could also assist to explain why N. 
rajah, the species restricted to the most open habitats, as it has glabrous macrophyl leaves while all 
other plant species in the same habitat have glaucescent microphyllous leaves. The lack of water–
conserving morphologies is not a disadvantage under permanent wet conditions and, coupled with 
their ability to sequester limiting nutrients from the capture of animals and/or their faeces would 
result in higher photosynthetic rates. Furthermore, Nepenthes have a competitive advantage in such 
habitats because of slow growth rates and leaf longevity, combined with low transpiration rates due 
to altitude, high humidity and frequent cloud cover. The occurrence of most Nepenthes in either 
high-altitude ultramafic vegetation or lowland heath vegetation (‘kerangas’) on leached soils 
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(podsolic sandstone and peat soil) is not as conflicting as it seems. The vegetation of both 
environments has a number features in common in terms of species composition (dominance of 
Myrtaceae, Podocarpaceae) and the xerophillic morphology of most species (including pubescent 
and glaucescent leaves). 
 
Given that Nepenthes burbidgeae, N. edwardsiana, N. rajah and N. villosa are all confined to the 
protected area of Kinabalu Park; there is a high degree of statutory protection. The limitation to this 
relatively small area, and the sensitivity of Nepenthes to drought, however, means that these species 
are nevertheless at risk from catastrophic events associated with more extreme seasonality in 
northwest Borneo due to El Niño-induced droughts and forest fires, which already had major effects 
on the montane vegetation of Kinabalu Park (Kitayama et al. 1999). Illegal poaching poses an 
additional threat, despite the listing of these species on CITES (Appendix II; N. rajah in Appendix 
I). N. rajah is listed as Endangered, N. villosa and N. edwardsiana are listed as Vulnerable, N. 
burbidgeae is listed as Endangered and N. macrophylla is listed as Critically Endangered on the on 
the IUCN Red List of Threatened Species (2006). The number of known populations of each 
species, and estimated total number of individuals, are given in Table 13.1. Of the endemics, N. 
burbidgeae has the smallest number of populations and overall species numbers. Similarly, N. 
macrophylla occurs in a statutory protected area (Class I Forest Reserve) on Mount Trus Madi, but 
because this is the only known locality for this species (and across an area <5 km2), it is particularly 
vulnerable for catastrophic events. 
 
Less than 1% of the Earth’s land surface is ultramafic, but such outcrops are known to have 
stimulated plant speciation and support high levels of endemism (Rajakaruna and Baker 2004). The 
localized restriction of many species to ultramafics means that habitat destruction results in absolute 
rather than just local extinction. This research is the first to comprehensively focus on the auto–
ecology of ultramafic edaphic endemic Nepenthes and to include associated soil and foliar 
chemistry, but more research is needed to fully understand edaphic and climatic constraints of the 
Nepenthes habitat not only in Sabah, but also in the Philippines. More research is also needed in the 
field of population genetics to elucidate the evolution of Nepenthes-species. 
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Figure 13.1. Distribution of the genus Nepenthes, and the location of Kinabalu Park in northern 
Borneo indicated with an arrow. 
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Figure 13.2. Map with local distribution of Nepenthes in Kinabalu Park. 
  373 
 
Figure 13.3. Nepenthes species and associated hybrids studied in this research. 
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Figure 13.4. Boxplots of foliar elemental concentrations (K, Ca, P and S) of Nepenthes, and 
ecological groups of plants (myrtaceous shrubs, gymnosperms, graminoids, ericaceous shrubs, 
Casuarinas, and trees and shrubs).  
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Figure 13.5. Boxplots of tree density and altitude for each Nepenthes species. 
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Figure 13.6. Three NMDS of co-occurring plant genera in the plots with Nepenthes as factors, the 
first is on the level of families, the second on the level of genera and the third on the level of 
species. Analysis of similarity (ANOSIM) delineates clustering.  
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Figure 13.7. CCA of soil and environmental variables in relation to Nepenthes-species. 
Abbreviations: 'ML-3' is Mehlich-3 extractable P, ‘Olsen’ is NaHCO3-extrable P, 'DTPA' is DTPA-
extractable metals, and 'exch.' Are cations exchangeable with silver-thiorea.  
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Table 13.1. Nepenthes-species of Mount Kinabalu Park with general geological and altitudinal 
occurrence and distribution.  
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Table 13.2. Soil chemistry in the root zone of Nepenthes pH, exchangeable cations and extractable 
Ni and P (ranges and means). Abbreviations: ‘Mehlich-3’ extractable is Mehlich extractable P, 
'DTPA' are DTPA-extractable trace elements, and 'Exch.' are silver-thiorea exchangeable cations.  
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Table 13.3. Foliar chemistry of Nepenthes species and hybrids of Mount Kinabalu Park (µg/g) 
major elements (ranges and means). Results are from micro-wave assisted digestion with HNO3 and 
H2O2.   
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Table 13.4. Comparison of foliar concentrations in Nepenthes and co-occurring species in the same 
habitat on ultramafic soils (n = 70 for Nepenthes and n = 200). Concentrations in µg/g (ranges and 
means). Results are from micro-wave assisted digestion with HNO3 and H2O2.   
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Table 13.5. SIMPER analysis of co-occurring species (individual contributions as tree genera) with 
up to 90% cumulative contribution.  
Dacrydium 0.3 13.38 0.94 52.55 52.55
Leptospermum 0.21 8.3 0.82 32.58 85.13
Tristaniopsis 0.12 0.88 0.34 3.47 88.6
Lithocarpus 0.06 0.79 0.41 3.09 91.69
Leptospermum 0.7 30.72 1.82 67.78 67.78
Dacrydium 0.46 7.94 0.77 17.51 85.29
Phyllocladus 0.17 2.85 0.59 6.28 91.57
Syzygium 0.77 7.08 3.29 18.62 18.62
Quercus 0.57 5.73 1.23 15.05 33.67
Tristaniopsis 0.88 5.32 1.24 13.99 47.65
Podocarpus 0.56 5.1 1.26 13.4 61.06
Dacrydium 0.44 2.38 0.73 6.25 67.3
Schefflera 0.46 2.37 0.67 6.24 73.55
Timonius 0.46 2.21 0.75 5.81 79.35
Garcinia 0.37 1.84 0.6 4.83 84.18
Dacrycarpus 0.4 1.42 0.48 3.73 87.91
Agathis 0.43 0.83 0.26 2.19 90.1
Tristaniopsis 0.66 7.43 2.2 30.5 30.5
Syzygium 1.16 5.94 1.9 24.39 54.89
Ceuthostoma 0.53 1.27 0.22 5.23 60.12
Dacrycarpus 0.25 1.27 0.54 5.21 65.33
Dacrydium 0.29 1.16 0.44 4.78 70.11
Quercus 0.34 1.07 0.38 4.41 74.52
Myrsine 0.19 0.67 0.58 2.77 77.28
Gironniera 0.19 0.67 0.39 2.74 80.03
Ilex 0.26 0.62 0.35 2.55 82.57
Agathis 0.19 0.61 0.22 2.49 85.07
Timonius 0.15 0.53 0.85 2.18 87.25
Lithocarpus 0.12 0.44 0.53 1.82 89.07
Macaranga 0.13 0.36 0.28 1.48 90.56
Tristaniopsis 0.3 6.51 1.26 18.12 18.12
Syzygium 0.75 5.66 0.59 15.76 33.88
Phyllocladus 0.27 4.81 1.5 13.39 47.28
Ternstroemia 0.13 2.87 2.82 7.99 55.27
Leptospermum 0.24 2.79 0.74 7.75 63.03
Symplocos 0.16 2.19 1.07 6.09 69.12
Prunus 0.11 1.78 0.8 4.97 74.09
Polyosma 0.15 1.63 0.5 4.53 78.61
Ficus 0.1 1.45 1.21 4.04 82.65
Ilex 0.07 1.29 0.56 3.59 86.24
Schima 0.11 1.11 0.36 3.08 89.32
Vernonia 0.07 1 0.52 2.77 92.09
Nepenthes rajah (average similarity 25.47%)
Nepenthes villosa (average similarity 45.32%)
Nepenthes edwardsiana (average similarity 38.05%)
Nepenthes burbidgeae (average similarity 24.35%)
Nepenthes macrophylla (average similarity 35.92%)
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Table 13.6. Plot census with number of Nepenthes individuals per species and environmental 
attribute data.  
Plot Location Vegetation class Canopy height Altitude (m asl) Species Induviduals
1 Mt. Tambuyukon Graminoid vegetation 0-1m 2478 Nepenthes rajah 23
2 Mt. Tambuyukon Graminoid vegetation 0-1m 2519 Nepenthes rajah 28
3 Mt. Tambuyukon Dwarf shrub (<2m) 0-2m 2448 Nepenthes rajah 34
4 Mt. Tambuyukon Graminoid vegetation 0-1m 2436 Nepenthes rajah 25
5 Mt. Tambuyukon Dwarf shrub (<2m) 0-2m 2442 Nepenthes rajah 48
6 Mt. Tambuyukon Dwarf shrub (<2m) 0-2m 2499 Nepenthes villosa 38
7 Mt. Tambuyukon Dwarf shrub (<2m) 0-2m 2487 Nepenthes rajah 2
8 Mt. Tambuyukon Graminoid vegetation 0-1m 2502 Nepenthes rajah 104
9 Mt. Tambuyukon Short upper montane forest (<20m) 8-10m 2379 Nepenthes rajah 19
10 Mt. Tambuyukon Short upper montane forest (<20m) 8-10m 2491 Nepenthes rajah 29
Nepenthes villosa 5
12 Mt. Tambuyukon Shrub (2-8m) 2-8m 2435 Nepenthes rajah 22
14 Mt. Tambuyukon Graminoid vegetation 0-1m 2428 Nepenthes rajah 14
15 Mt. Tambuyukon Dwarf shrub (<2m) 0-2m 2407 Nepenthes rajah 35
18 Mt. Tambuyukon Tall upper montane forest (15-25m) 15-25m 2318 Nepenthes edwardsiana 8
Nepenthes villosa 1
23 Mt. Tambuyukon Short upper montane forest (<20m) 8-10m 1466 Nepenthes burbidgeae 9
24 Mt. Tambuyukon Short upper montane forest (<20m) 8-10m 1654 Nepenthes burbidgeae 2
Nepenthes edwardsiana 6
25 Mt. Tambuyukon Short upper montane forest (<20m) 8-10m 1727 Nepenthes edwardsiana 4
26 Mt. Tambuyukon Short upper montane forest (<20m) 8-10m 1906 Nepenthes edwardsiana 9
30 Marai-Parai Short upper montane forest (<10m) 8-10m 1753 Nepenthes edwardsiana 2
31 Marai-Parai Dwarf shrub (<2m) 0-2m 1750 Nepenthes rajah 2
32 Marai-Parai Graminoid vegetation 0-1m 1658 Nepenthes rajah 71
35 Marai-Parai Dwarf shrub (<2m) 0-2m 1621 Nepenthes rajah 14
37 Marai-Parai Graminoid vegetation 0-1m 1633 Nepenthes burbidgeae 4
Nepenthes rajah 2
39 Marai-Parai Short upper montane forest (<10m) 8-10m 1744 Nepenthes edwardsiana 2
41 Layang-Layang Shrub (2-8m) 2-8m 2305 Nepenthes villosa 167
42 Layang-Layang Short upper montane forest (<10m) 8-10m 2628 Nepenthes villosa 1
43 Layang-Layang Short upper montane forest (<10m) 8-10m 2643 Nepenthes villosa 191
44 Layang-Layang Shrub (2-8m) 2-8m 2928 Nepenthes villosa 13
46 Layang-Layang Short upper montane forest (<10m) 8-10m 2950 Nepenthes villosa 63
48 Layang-Layang Shrub (2-8m) 2-8m 2950 Nepenthes villosa 15
49 Layang-Layang Shrub (2-8m) 2-8m 2946 Nepenthes villosa 174
50 Layang-Layang Shrub (2-8m) 2-8m 2822 Nepenthes villosa 116
55 Mesilau Graminioid shrub (<3m) 0-2m 1940 Nepenthes burbidgeae 1
Nepenthes rajah 98
56 Bambangan Medium tall forest (20-35m) 20-35m 1683 Nepenthes burbidgeae 2
57 Bambangan Short upper montane forest (<10m) 8-10m 1698 Nepenthes burbidgeae 7
58 Bambangan Shrub (2-8m) 2-8m 1797 Nepenthes burbidgeae 44
Nepenthes rajah 14
71 Mt. Trus Madi Short upper montane forest (<10m) 8-10m 2351 Nepenthes lowii 15
72 Mt. Trus Madi Short upper montane forest (<10m) 8-10m 2367 Nepenthes lowii 6
Nepenthes macrophylla 18
73 Mt. Trus Madi Short upper montane forest (<10m) 8-10m 2475 Nepenthes macrophylla 1
74 Mt. Trus Madi Shrub (2-8m) 2-8m 2646 Nepenthes macrophylla 9
76 Mt. Trus Madi Shrub (2-8m) 2-8m 2645 Nepenthes lowii 3
Nepenthes macrophylla 5
77 Mt. Trus Madi Shrub (2-8m) 2-8m 2623 Nepenthes lowii 12
Nepenthes macrophylla 8
78 Mt. Trus Madi Shrub (2-8m) 2-8m 2646 Nepenthes macrophylla 14
79 Mt. Trus Madi Shrub (2-8m) 2-8m 2643 Nepenthes macrophylla 31
80 Mt. Trus Madi Short upper montane forest (<10m) 8-10m 2606 Nepenthes macrophylla 39
84 Bukit Hampuan Short upper montane forest (<20m) 10-20m 1334 Nepenthes burbidgeae 9
85 Bukit Hampuan Short upper montane forest (<20m) 10-20m 1332 Nepenthes burbidgeae 6
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1. Synthesised re-stated objectives  
 
The overall aim of this study was to develop an understanding of how plant diversity and foliar 
chemistry interact with soil chemistry and altitude on ultramafic outcrops of Kinabalu Park. This 
research aim was addressed through the following (synthesised) specific objectives: 
 
1. Characterise the soil chemistry of ultramafic outcrops in Kinabalu Park in relation to 
floristic implications; 
 
2. Determine whether the soils on which Ni hyperaccumulators occur have distinctive 
chemical characteristics that could be used to predict their occurrence. 
 
3. Explore phylogenetic, frequency and stoichiometric patterns in plant foliar elemental 
profiles and in nickel hyperaccumulators in Kinabalu Park; 
 
4. Gain insights in altitudinal vegetation zonation and plant diversity changes over altitude; 
 
5. Elucidate plant endemism patterns in relation to soil chemistry and altitude; and 
 
6. Study habitat differentiation of ultramafic edaphic Nepenthes in Kinabalu Park. 
 
Each of these research objectives was addressed in the preceding Chapters, and is synthesised 
below. 
2. The edaphic factor: soil chemistry and floristic implications 
 
The high geo-diversity of Mount Kinabalu Park, a result of complex geology, paleo-history, 
topography and climate, created extremely diverse ultramafic soils. Although soils derived from 
either peridotite or serpentinite bedrock are often jointly called ‘serpentine soils’, the differences are 
ecologically important as serpentinisation results in radically different soils. It was hypothesized 
that bedrock with more complete mineralogical serpentinisation result in soils with more adverse 
properties for plant life. The results of the soil chemistry investigation showed that serpentinite soils 
are alkaline (up to pH 9), have extremely high exchangeable Mg, high Mg:Ca molar quotients and 
very low concentrations of exchangeable K, extractable P and soil N. They support a highly 
distinctive, but species-poor vegetation, dominated by Casuarinas (genera: Gymnostoma, 
Ceuthostoma) and the shrub Scaevola micrantha (Goodeniaceae). These extreme serpentinitic soils 
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develop only on very steep slopes where rivers have cut through substantive serpentinite bedrock, 
and mainly occur in the Panataran Valley and along the Wuluh River. At these sites, active bedrock 
weathering (reaction of the minerals with water and oxygen) causes the rock to fissure and expand, 
in turn resulting in slope instability and cascading landslides. As such, the soils remain young and 
are composed mainly of unweathered serpentinite minerals. Their N-fixing nodules might explain 
the mono-dominance of Casuarinas, which enables survival on extremely N-poor soils. Casuarinas 
are pioneers of such open-eroding soils and similarly, in coastal areas of Sabah, Casuarina 
equisetifolia is the typical species on the white sands, likely for the same reasons. The open xeric 
conditions of the Casuarina forest, maintained by a unique combination of geological instability and 
chemically adverse serpentinitic soils that periodically sets back succession, is conductive to a 
range of light-demanding (endemic) herbs.  
 
In flatter areas, serpentinite bedrock weathers to form thick laterite soils with wide-ranging 
vegetation types, the types of which depend on the local morphology of the landform and related 
soil depth. Shallow phytotoxic soils occur where erosion of the deeper soils is intensive, mainly on 
slopes after clearing of natural vegetation by destructive logging activities or after forest fire. 
Massive erosion exposes the saprolite layer, rich in accumulated Ni, Mn and Co, and this then 
forms that the habitat for Ni hyperaccumulators including Phyllanthus securinegoides, P. balgooyi, 
Psychotria sarmentosa and Rinorea bengalensis, which can be locally dominant. Analysis of Ni-
hyperaccumulator soils (as contrasted with soils in which Ni hyperaccumulators were absent) 
showed a ‘threshold response’ with >20 µg/g carboxylic-extractable Ni or >630 µg/g pseudo-total 
Ni, and pH >6.3. The restriction of nickel hyperaccumulators to soils with high labile Ni, low 
reflection coefficients for Ni at the soil-root interface (as demonstrated for other Ni 
hyperaccumulators - by Coinchelin et al., 2012), and the xeric conditions in which most 
hyperaccumulators grow, support the convection model for Ni hyperaccumulation which proposes 
uptake of Ni from the soil solution due to a high transpiration rate (Centofanti et al., 2012). As such, 
hyperaccumulators severely deplete the soluble Ni pool which then requires resupply via diffusion 
from other soil Ni pools, and thus affecting the soil Ni equilibrium (Wenzel et al., 2003). In 
addition, hyperaccumulators may secrete root exudates to further promote mineral weathering and 
Ni release. 
 
Albeit very different in origin and chemical characteristics, the hypermagnesian soils occurring at 
high altitudes at Layang-Layang and the summit of Mount Tambuyukon are also extreme in their 
chemical properties. Again, the soils are derived directly from active bedrock weathering, and lack 
soil formation or layering and are very shallow and stony. High phytoavailable Ni, Mn and Co, high 
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Mg:Ca molar quotients, circum-neutral pH and low extractable P are all features of these soils. The 
vegetation consists of slow-growing ligneous scrubs (mainly Ericaceae and Myrtaceae) and 
graminoids and cyperoids. Endemic carnivorous pitcher plants (Nepenthes rajah, N. villosa) are 
locally abundant. 
 
At the other end of the ultramafic soil spectrum, strongly leached lateritic soils have low CEC and 
phytotoxicity is unlikely to occur. These deep ultramafic ferralitic oxisols (occurring at Nalumad 
and Serinsim) support tall species-rich rainforest, not dissimilar to podzolised sandstone nutrient-
poor forests elsewhere in Sabah, with the dipterocarps Shorea laxa and S. venulosa and the 
gymnosperm Agathis borneensis (Araucariaceae) as common elements. Other characteristic 
dipterocarps include Dipterocarpus lowii, D. ochraceus and Shorea kunstleri. Although not obligate 
ultramafic, these dipterocarps are typical for ultramafic soils in Sabah, but also occur elsewhere in 
Borneo on other types of nutrient-poor soils. The characteristic co-occurrence of these dipterocarps 
and Agathis, none of which is singularly restricted to ultramafic soils, is unique for lowland 
ultramafic soils. Mixed dipterocarp forests have been shown to vary greatly in their species 
composition as a result of the nutrient status (mainly P and Mg) of non-ultramafic soils (Baillie et 
al., 1987; Potts et al., 2002; Palmiotto et al., 2004), but to date very limited experimental work has 
been undertaken on these species from ultramafic soils in Sabah. A growth experiment in which 
Dryobalanus lanceolata (a large tree in the Dipterocarpaceae which generally does not occur on 
ultramafic soils in Sabah) was grown on ultramafic soils from Mount Tavai showed that growth was 
limited primarily by K and P, although it produced about the same amount of biomass on both 
ultramafic and non-ultramafic soils. The addition of Ca had no significant effect on growth, 
however, suggesting that Mg toxicity was not limiting in this case (Brearley, 2005). 
 
A similar situation applies to the montane inceptisols that are widespread in Kinabalu Park and host 
upper montane forest (‘cloud forest’). These also are fairly similar to the non-ultramafic soils at the 
same altitude and, as a consequence, few plant species are unique to the ultramafic equivalents.  
3. Plant foliar elemental profiles and nickel hyperaccumulators 
 
Foliar elemental profiles (i.e. the stoichiometry of elemental accumulation in plant leaves) provide 
insights into the ecophysiological functioning of plants and environmental and edaphic filters. At 
the outset, it was hypothesised that the chemistry of ultramafic soils would be reflected in the foliar 
elemental composition of dominant trees. The results reported here showed that, overall, the foliar 
elemental profile of plants growing on ultramafic soils are characterised by higher concentrations of 
Fe, Mg, Co, Cr, and Ni, but lower concentrations of Ca, K and P. In comparing the ultramafic 
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Mount Tambuyukon with the non-ultramafic Mount Trus Madi, the foliar chemistry (both in terms 
of absolute concentrations and stoichiometry) was rather similar between the tree floras of both 
mountains. Comparing the foliar chemistry of the summit floras also did not reveal major 
differences either. Similarly, it was hypothesized that the unusual ultramafic soil chemistry is 
reflected in the foliar chemistry of Nepenthes, and a comparison was made between ultramafic and 
non-ultramafic species. The results showed that the foliar chemistry of Nepenthes was similar 
between Nepenthes from ultramafic and non-ultramafic soils. Elements that are primarily acquired 
through root-uptake were lower in Nepenthes compared to foliar concentrations in co-occurring 
plant species. However, compared to other species in the same habitat, foliar concentrations of K, 
Na and P were significantly higher in Nepenthes. These elements can be acquired through 
insects/tree shrew or rat scats, and indicates effective nutrient acquisition by Nepenthes in limiting 
edaphic circumstances. These results are intriguing in light of the recent discovery that several of 
the ultramafic obligate and endemic Nepenthes spp. have mutualistic relationships with small 
mammals (Clarke et al., 2009; Chin et al., 2010; Greenwood et al., 2011), indicating that Nepenthes 
potentially might acquire other elements (e.g. K, Na) from this relationship rather than from 
carnivory.  
 
Analysis of foliar elemental profiles further showed that different plants have evolved different 
mechanisms to cope with nutrient deficiency, and most plants are remarkably efficient in taking up, 
for example, K and P. Important differences exist between phylogenetic lineages, and this appears 
to support the ‘biogeochemical niche’ concept (Garten, 1978; Peñuelas et al., 2013). This research 
identified hyperaccumulator behaviour in a range of plant species for Al, Mn, Cu, Cr, Co, Ni and 
Zn in the flora of Kinabalu Park The lack of bimodality in the frequency distributions for most 
elements suggests continuous variation in uptake response of major elements (Ca, Mg, K, Na), 
whereas concentrations of trace elements (Cu, Zn) are controlled over a narrow range. Two discrete 
modes for Ni were identified, a ‘non-accumulator’ and a ‘hyperaccumulator’ mode separated at 
approximately 850 µg/g Ni (the lower limit of the ‘hyperaccumulator mode’), indicating a distinct 
ecophysiological trait, as opposed to the upper tail of a normal frequency distribution. In contrast, 
hyperaccumulation of Mn appears to be an extension of normal regulation processes with a wide 
distribution around the median. Foliar concentration frequencies for Co and Cr are also bimodal, 
but associated with Ni hyperaccumulation, and uptake of these elements is highly erratic. This is 
also supported by low concentrations, and high variability, within populations. 
 
Most Ni hyperaccumulators in the study area are restricted to successional habitats in the lowlands 
(<1200 m asl). Locally, Ni hyperaccumulators are often abundant in terms of numbers of 
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individuals and species, and some sites are dominated by hyperaccumulators. This appears to 
indicate possible advantages (including foliar toxicity) to reduce insect herbivory (‘elementary 
herbivory defense’), competitive advantages over other plant species (‘elemental allelopathy’) and 
possibly mutualism between hyperaccumulator and offspring. However, leaf herbivory damage was 
common, and ostensibly Ni-tolerant insects were observed in the field. In the study area, Ni 
hyperaccumulation is mostly restricted to the Order Malpighiales (Dichapetalaceae, Phyllanthaceae, 
Salicaceae, Violaceae), and particularly common in the Phyllanthaceae (genera: Phyllanthus, 
Glochidion). Foliar dry matter Ni concentrations are among some of the highest recorded globally, 
reaching up to 2.4% (in the Psychotria sarmentosa complex) and up to 16.9% in phloem sap 
(Phyllanthus balgooyi). The phloem tissue appears to act as a ‘Ni-sink’ that would enable re-
distribution of Ni to emerging shoots, hence aiding protection from insect herbivory. Ni 
hyperaccumulators can potentially be used in phytomining, and knowledge of multi-element data in 
Ni hyperaccumulators can assist in selecting species with high Ni, but low concentrations of 
unwanted elements (Ca, Mg, K, P, S) to minimise ‘pollution’ in the ‘bio-ore’. The results presented 
showed, however, that the strongest Ni hyperaccumulators (Phyllanthus cf. securinegoides, Rinorea 
bengalensis) had Ca concentrations equal to or in excess of Ni, particularly in their lignified parts. 
This could have major operational consequences for Ni extraction from the ‘bio-ore’ (e.g. ash), and 
managing Ca in the soils during a phytomining operation (Ca fertilisation) is likely to be critically 
important. 
4. Vegetation altitudinal zonation and plant diversity changes over altitude 
 
The altitudinal demarcation of vegetation zones differs on Mount Kinabalu from other mountains in 
the region (Kitayama, 1991) as a result of its greater overall height and associated climatic effects. 
On Mount Kinabalu this could be (partly) explained by the ‘Massenerhebung effect’ (mass 
elevation) in which vegetation zonation is further shifted upwards on larger mountain massifs 
(Grubb, 1971; 1977). At the same altitude on Mount Kinabalu, the vegetation on ultramafic soils is 
often shorter than on non-ultramafic soils. This is particularly evident across geological boundaries 
as, for example, occurs on the boundary between ultramafic/granite at Layang-Layang (2800 m asl) 
where the vegetation abruptly from <1 m to >5 m in stature, and species composition also differs 
dramatically. Such differences between ultramafic and non-ultramafic soils are not evident 
everywhere in the tropics. For as in New Caledonia, for example, the forest on ultramafic and non-
ultramafic soils has roughly 30% species difference (Jaffré, 1980), and there is often show no 
obvious physiognomic differences except in the lower and denser canopy on the boundary between 
ultramafics and schist (Proctor, 2003). Proctor (2003) warned, “… One may be left with the 
uninspiring conclusion that each site or microsite is unique in its chemical and physical factors and 
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that each species shows unique adaptations…” Without doubt, the vegetation is extremely complex 
but overarching patterns do exist, such as the occurrence of Casuarinas on serpentinitic soils and the 
restriction of Ni hyperaccumulator plants to actively weathering (eroded) soil derived from strongly 
serpentinised bedrock.  
 
It was hypothesized that the overall plant diversity decreases with altitude (as observed elsewhere in 
the tropics viz. Grubb and Whitmore, 1966; Tanner, 1977), but a mid-altitude ‘hump’ was predicted 
due to the presence of montane cloud forests. The survey performed showed that overall plant 
diversity, and the diversity of trees and ligneous shrubs, as well as palms and rattans, indeed 
decreases with altitude. This confirms results from plot studies by Kitayama (1992) and Aiba and 
Kitayama 1999) who found a strong decrease in tree species diversity over altitude on Mount 
Kinabalu in the range of 600–3400 m asl. However, the diversity of pteridophytes, 
grasses/cyperoids and ground herbs, indicative of montane cloud forests, reaches a maximum 
around the 1300–1500 m asl altitude interval. These overall results closely match those of Grytnes 
and Beaman (2006) who studied altitudinal plant diversity in the Kinabalu flora (ultramafic and 
non-ultramafic mixed) based on botanical collection records. The authors of that study used 
rarefaction to correct for sampling effort, which is appropriate for ‘random’ collections, but in this 
study the specimens were collected from standardized plots. Therefore, the aggregate plot area per 
altitudinal interval was taken into account. Altitudinal occurrences of pteridophyte species were 
also analysed on Mount Kinabalu by Parris et al. (1992) and Kessler et al. (2001), who found 
maximum diversity at c. 1,500 m asl and a very steep decrease in pteridophyte diversity below that 
altitude. Neither Grytnes and Beaman (2006) nor this study found such a steep decrease for 
pteridophytes. The diversity of carnivorous plants (mainly Nepenthes spp.) remained high above c. 
1500 m asl. Orchid diversity reaches a maximum at a slightly higher altitude than the pteridophytes, 
grasses/cyperoids and ground herbs, at c. 1800–2100 m asl. On Mount Kinabalu, 236 of the 609 
pteridophyte species are epiphytes, and 619 of 963 orchid species are epiphytes (Grytnes and 
Beaman, 2006). The maximum diversity of epiphytes reported by Grytnes and Beaman (2006) is 
lower than in this study and below the ‘cloud forest’ zone (1500–2000 m asl, viz. Kitayama, 1992) 
which the authors attributed to increased habitat heterogeneity due to reduced tree diversity and tree 
height. In the context of this study, which only included ultramafic soils, this might be explained by 
the occurrence of many orchid species in the graminoid and ligneous shrub floras on Mount 
Tambuyukon and Marai Parai. Furthermore, compression of altitudinal vegetation zonation on 
ultramafic soils, particularly on Mount Tambuyukon (see below), suggests that shorter forest types 
with open canopies that are more conducive to epiphytic pteridophytes and orchids, occurs at lower 
altitudes compared to those developed on non-ultramafic soils. 
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Compression of the altitudinal zonation of vegetation (in terms of stature and species composition) 
on tropical ultramafic mountains has previously been reported from Mount Silam (Proctor et al., 
1988; Bruijnzeel et al., 1993). It was therefore hypothesized that extreme (ultramafic) soil 
chemistry exacerbates the compression of altitudinal floristic zonation on tropical mountains. In 
comparing Mount Tambuyukon (ultramafic) with Mount Trus Madi a near-perfect comparison was 
found: both mountains are of almost identical height (2579 and 2643 m asl, respectively), relatively 
close (70 km apart) and have intact montane forest on their slopes (although Mount Trus Madi was 
logged below 1600 m asl and no plots were established below that altitude). The results showed that 
the vegetation is more stunted on Mount Tambuyukon (on account of a reduction in stature and tree 
volume per unit area) from 1500 m asl and above. This was accompanied by shifts in floristic 
composition (towards families and genera occurring at greater heights on Mount Trus Madi) and by 
higher levels of endemism on Mount Tambuyukon, particularly in the summit zone. Leaf 
morphology changed on both mountains with increasing altitude, with microphylly and 
xeromorphic and glaucescent features becoming more common. In terms of species richness, the 
data collected showed that both mountains host extremely high plant diversity, but only in the 
summit zone is Mount Tambuyukon substantially more species rich.  
 
Edaphic, environmental and ecological conditions were examined as potential causal explanations 
for the compression of altitudinal zonation on Mount Tambuyukon. Overall, altitudinal vegetation 
zonation is governed by the decreasing mean and diurnal air temperatures with altitude and 
associated environmental conditions, such as cloud incidence, wind exposure, and insolation/UV-
exposure. In turn, these conditions cause a number of ecological effects such as low foliar 
transpiration, waterlogging or seasonal droughts, soil nutrient deficiency and slower rates of (N and 
P) mineralisation. In particular, in cloud forests, the high incidence of ground-level clouds results in 
a water surplus, leading to the build-buildup of a thick organic layer with acidic, reducing 
conditions and waterlogging (Askew, 1964; Whitmore and Burnham, 1969). None of these 
environmental conditions and ecological processes is unique to ultramafic mountains, however, but 
is rather typical for all tropical mountains in the region. The results of this study show that some of 
these effects are more pronounced on ultramafic mountains, and in combination with edaphic 
factors (soil toxicity and nutrient deficiency) could contribute to explaining compression of 
vegetation altitudinal zonation on Mount Tambuyukon. The different causal explanations for these 
phenomena were discussed separately, and it was concluded that neither waterlogging nor seasonal 
droughts are specific to either Mount Tambuyukon or Mount Trus Madi, and can therefore not 
explain the apparent differences. Waterlogging and the build-up of mor humus in the cloud-forest 
(mainly ‘upper montane zone’ in this study) is also associated with soil acidity. On Mount Trus 
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Madi the soils are very weakly buffered and strongly acidic (pH 4), but are not accompanied by 
changes in vegetation stature over altitude. In contrast, the soils on Mount Tambuyukon are 
strongly buffered and far less acidic (pH 6), but not accompanied in changes in stature, although 
having much reduced vegetation stature in the summit zone. The soil analyses showed that the 
intensively-leached sedimentary soils from Mount Trus Madi are also very nutrient-poor compared 
to Mount Tambuyukon. Podocarps (including Agathis and Phyllocladus) are a dominant 
physiognomic and floristic feature of Mount Tambuyukon, particularly gaining dominance with 
altitude. This might be explained by the ecophysiological ability of podocarps to efficiently 
sequester nutrients on limiting soils, and outcompeting angiosperms if under open conditions 
because of shade intolerance (Kitayama et al., 2011). 
 
Soil toxicity finally remains as an important candidate causal factor potentially explaining the 
vegetation differences between the two mountains, the one factor that sets Mount Tambuyukon 
apart. The soils of the summit zone of Mount Tambuyukon have extremely high plant-available 
concentrations of Ni, Mn and Mg. These skeletal soils are directly derived from active bedrock 
(peridotite) weathering. The summit zone, rather than the upper montane zone or further lower 
down the slopes, is distinct from Mount Trus Madi. This coincides with the transition to low forest 
on montane inceptisols, and diminishing soil toxicity. The influence of ultramafic bedrock results in 
less acidic soils in the upper montane zone, by greater buffering of the mor humus-layer, compared 
to Mount Trus Madi. In the case of Mount Silam, Bruijnzeel et al. (1993) found a correlation 
between vegetation stunting and concentrations of phenolic compounds in leaf litter.  This was 
postulated to be adverse to the ecophysiology of plants and hence caused or contributed to the 
stunting. 
 
The quests for a single factor either altitudinal zonation on tropical mountains or the effect of 
ultramafic soils is futile (Whitmore, 1989; Proctor and Nagy, 1992). Rather, in the case of Mount 
Tambuyukon, a complex set of interactions is likely responsible for the unique vegetation. 
Extremely low plant-available P could limit growth rate, reduce root growth and hence make plants 
more susceptible to occasional drought (Grime and Curtis, 1976; Proctor et al., 1999), whereas N-
mineralization is slower in the upper montane forest and sub-alpine zone as a result of lower 
temperature (Grubb, 1977; Tanner, 1985), further potentially limited by low soil P (Kitayama et al., 
1998). Very high plant-available Ni could impede root growth (Robertson, 1992), with the possible 
effects of Ni-toxicity (and possibly the very high plant-available Mn) exacerbated by very high 
exchangeable Mg (Johnston and Proctor, 1981), which could act in concert with very low soil K, as 
Mg is antagonistic to plant uptake of K (Epstein, 1972). Flenley (1991; 1995) hypothesised that the 
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leaf morphological characteristics of the cloud-forest could be adaptations against UV-B light, 
which is particularly intensive on tropical mountains because of reflection of UV-B by clouds. He 
goes on to point out that tropical montane cloud-forests were almost absent during the Late 
Quaternary, based on palynological records, which he explained on the basis of the absence of 
suitable conditions of temperature and UV-B. The ‘UV-B hypothesis’ is complementary to the 
adverse effects of phenolic compounds suggested by Bruijnzeel et al. (1993), as plants generally 
produce increased flavonoid or anthocyanins that break down into phenolic compounds in the leaf 
litter, hence exacerbating stunting (Flenley, 1995). The much greater altitude of Mount 
Tambuyukon (2579 m asl) compared to Mount Silam (881 m asl) suggests that these effects might 
be much stronger on Mount Tambuyukon. 
 
Finally, biogeographic processes are important too and despite their close proximity, species 
composition differed greatly between Mount Tambuyukon and Mount Trus Madi, with levels of 
endemicity highest in the summit zone of Mount Tambuyukon. The biogeography of the region is 
exceptionally complex, with Mount Trus Madi part of ancient (Tertiary) sedimentary mountain 
ranges, and Mount Tambuyukon part of more recent (Oligocene - Pleistocene) uplift associated 
with Mount Kinabalu. As such, Mount Tambuyukon possesses many floristic elements distinctive 
for Mount Kinabalu, although it is uncertain whether these derive from Mount Kinabalu (e.g. neo-
endemics evolved there and dispersed to Mount Tambuyukon, or whether Mount Tambuyukon 
served as a major locus of plant dispersal during Kinabalu’s uplift). The majority of plant species on 
Mount Kinabalu - Mount Tambuyukon would have to been derived from nearby older mountain 
ranges (i.e. Crocker Range and Trus Madi Range). Problematic to developing this theory at the 
present time, however, is that the flora of many mountains in the interior of Sabah (including Mount 
Trus Madi) is far from completely known. The open, xeric conditions in the summit zone of Mount 
Tambuyukon appears responsible for much of the endemic and obligate ultramafic species of that 
mountain. Invariably these species, mainly ground herbs and small shrubs, are restricted to the 
ligneous and graminoid scrub and not the forest below.   
5. Plant endemism in relation to soil chemistry and altitude 
 
Mount Kinabalu is more than 1500 m asl higher than any other mountain in a 900 km radius. 
Coupled with the steep morphology, from 200 m to 4095 m asl in less than 10 km, this ecosystem is 
a classical ‘inselberg’ or ‘monadnock’ where the lowlands serve to (climatically) isolate the high-
altitude zone. One of the characteristic features of the flora of Mount Kinabalu is the occurrence of 
many altitudinally differentiated species-pairs, for example Racemobambos hirsuta (800–1500 m 
asl) and R. rigidifolia (>1600 m asl) (Wong, 1998), and phylogenetic analyses provide strong 
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support for rapid evolution of neo-endemics (Beaman, 2005), mainly in the form of higher-altitude 
congeners, as has been shown in the genus Dendrochillum (Barkman and Simpson, 2001), the 
genus Elatostema (Beaman, 2000), in the genus Cythea (Conant and Stein, 2001) and in the genus 
Leptospermum (Lee and Lowry, 1980). Another factor contributing to the evolution of neo-
endemics is hybridization, for example in Rhododendron (Argent et al., 2007). As opposed to neo-
endemics, edaphic paleo-endemics persist (i.e. are ‘relictual’) on ultramafic soils but have 
disappeared elsewhere. From a biogeographical point of view, ‘regional endemics’ or ‘regional 
indicators’ are of particular interest. In this study a local assessment was made of plant species 
restriction to ultramafic soils. As such, ‘ultramafic status’ was assigned to plant species recorded 
from Kinabalu Park, wherein 1279 species were (locally or regionally) obligate to ultramafic soils 
and 365 species were considered endemics. 
 
As opposed to true islands, ultramafic islands are subject to intensive interspecific competition 
between indifferent species and insular endemics (Kruckeberg, 1999). The more edaphically 
limiting the island, the more difficult it is for indifferent species to immigrate, and the more 
specialist endemics are competitively favoured (Kruckeberg, 1991). Environmental factors that 
exert selection pressures include high, diurnal temperature change, nutrient deficiency, soil toxicity, 
and high UV-B exposure (Grubb, 1977; Lee and Lowry, 1980). The widely held paradigm is that 
obligate ultramafic species are habitat specialists to phytotoxicity and/or nutrient-limiting soils, but 
as a consequence of their physiology are inherently slow-growing and hence out-competed on non-
limiting soils by generalists/facultative species that possess the opposite set of traits (Harrison et al., 
2009). That most obligate ultramafic species are slow-growing holds for the endemic dwarf shrubs 
and Nepenthes rajah of the high-altitude hypermagnesian soils of Mount Tambuyukon. However, 
the ultramafic obligate tree Borneodendron aenigmaticum is a fast-growing pioneer. The link 
between the occurrence of obligate (endemic) ultramafic species and climate was explored by 
Harrison et al. (2009) who postulated that under conditions of favourable climate, obligate/endemic 
species would be competitively advantaged on limited (phytotoxic, nutrient deficient) soils, but 
opposite for facultative species that are competitively advantaged on non-limiting soils. Brooks 
(1987) put it as “competitive pressure restricts some plants either to the edaphically harsh 
environment of serpentine [ultramafic], or to climatically harsh environments”. Some species 
normally found on high-elevation granitic soils indeed have their lowest altitudinal occurrence on 
ultramafic soils; for example, Decaspermum vitis-idaea (Myrtaceae), which occurs on serpentinite 
landslides (600–700 m asl) or in montane and sub-alpine shrub at 1000–1500 m or higher. This 
phenomenon e.g. the occurrence of ‘indifferent’ species from colder or xeric conditions on 
ultramafic soils under different climatic conditions, is also known elsewhere (Safford et al., 2005). 
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It was hypothesized that relative proportions of (locally) obligate ultramafic and endemic species 
increases with altitude and more adverse soil chemistry. The results showed that hypermagnesian 
soils and serpentinitic soils are the most adverse in their chemical properties and host the greatest 
numbers of (locally) obligate ultramafic species and endemics. In New Caledonia too, plant 
diversity and endemism has been shown to be highest on the patchily-occurring hypermagnesian 
soils (Jaffré, 1980), and contrasted strongly with the species composition of the vegetation on deep 
oxisols (Jaffré, 1974; McCoy, 1998). 
 
However, the hypermagnesian soils and serpentinitic soils occur at radically different altitudes 
(2400–2950 m and 500–800 m asl, respectively), however, and hence experience different climatic 
regimes. Notwithstanding, both are extreme climatically in their own right; whereas the 
hypermagnesian soils occur under cold and very wet conditions, the serpentinitic soils which 
experience hot and xeric conditions. In both cases, trees and shrubs with nanophyll and microphyll 
leaves dominate. Many high-altitude obligate ultramafic species have morphological adaptations to 
shed heat load and protect against UV-light from intense isolation (see earlier remarks about the 
‘UV-B Hypothesis’). These features include sclerophylly, microphylly, thick cuticles, wax deposits 
and high foliar anthocyanin. This is particularly apparent in the local endemics Leptospermum 
recurvum (with microphyll, recurved leaves), Scaevola verticillata (very hairy leaves) and Gynura 
tambuyukonensis sp. nov. (a dark purple colour due to anthocyanin). Therefore, such local endemics 
are successful in the higher altitude habitats due to morphological and physiological adaptations to 
edaphic and climatic stress. However, at the same time, these adaptations render these plants 
competitively disadvantaged on lower altitudes and in more fertile soils because such adaptations 
come at a metabolic cost and reduce absorption of photosynthetically active radiation (Clark and 
Lister, 1975; Lee and Lowry, 1980).  
 
Edaphic islands provide habitat discontinuity that promotes genetic isolation, particularly under the 
influence of a climatic filter (altitude) and spatial effects (precipitous montane morphology). The 
stages that may lead to the evolution of edaphic endemics begins with individuals with tolerance to 
the prevailing conditions in the surrounding populations (Kruckeberg, 1991), followed by adaptive 
radiation due to strong edaphic filtering (i.e. ultramafics), catastrophic selection due to climatic 
fluctuations, such as El Niño droughts and Pleistocene glaciation events (viz. Lewis, 1962, Raven, 
1964) and genetic drift leading to rapid speciation as a result of small populations (Beaman and 
Beaman, 1990). The species pool then becomes gradually more divergent (Kruckeberg, 1986) 
eventually leading to reproductive isolation (Rajakaruna, 2004) and subsequent genetic 
differentiation leading to neo-endemics. The existence of numerous very speciose genera in the 
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flora of Kinabalu Park - for example, Ficus (Moraceae) (98 species), Bulbophyllum (Orchidaceae) 
(85 species), Syzygium (Myrtaceae) (66 species), Dendrobium (Orchidaceae) (61 species), and 
Lithocarpus (Fagaceae) (46 species) (Wong, 1998) - suggests that this process is locally common.  
 
Mount Kinabalu has been uplifted between Mount Tambuyukon and the Crocker Range relatively 
recently, and is still rising at approximately 5 mm/year (Tain Choi, 1996). During this time, plant 
species must have been recruited from the surrounding older mountain ranges (the nearby Crocker 
Range), and probably Mount Tambuyukon. Most species are shared between Mount Tambuyukon 
and the ultramafic outcrops of Mount Kinabalu, including most ultramafic obligate species and 
endemics. However, a distinct set of species is unique to Mount Tambuyukon (in contrast, very few 
species are unique to the ultramafics of Mount Kinabalu but absent from Mount Tambuyukon). This 
appears to support the hypothesis that Mount Tambuyukon holds a relictual flora and that these 
endemic species are probably paleo-endemics. These species could result from ‘biotype depletion’ 
of population loss as a consequence of changing climate/environment (viz. Kruckeberg, 1984, 1991; 
Raven and Axelrod, 1978). The cooler climate during the Pleistocene, during which time glaciers 
were present on Mount Kinabalu, resulted in the frequent displacement and shifting of altitudinal 
vegetation zonation, as demonstrated for New Guinea (Morley and Flenley 1987). In New Guinea, 
the sub-alpine zone descended by as much as 1500 m during maximum glaciation (Walker and 
Flenley, 1979). These strong climatic fluctuations could have acted as an ‘evolutionary pump’ for 
stimulating rapid speciation (Morton, 1972; Beaman and Beaman, 1990). The movement of 
altitudinal vegetation zonation in a relatively short time-span created new habitats to be colonized, 
and the limited capacity of obligate ultramafic species (due to slow growth rates) to migrate and 
adapt to changing climatic conditions during the Pleistocene could further result in isolation. The 
finding that most endemics are associated with geologically young features, such as landslides, 
particularly under strong edaphic stresses, as experienced on hypermagnesian and serpentinitic 
soils, supports this view. Such habitats include the summit of Mount Tambuyukon (a highly 
weathered rock outcrop), high-altitude landslides at Layang-Layang and the continuous occurrence 
of landslides on serpentinite outcrops in the Panataran Valley and along the Wuluh River. 
Landslides present situations where immigrant populations can be effectively isolated from donor 
populations, and rapid adaptive radiation could be facilitated under these conditions (Beaman and 
Beaman, 1990). Two particularly illustrative examples include Rhododendron tuhanensis 
(Ericaceae) and Platanthera otuhanica (Orchidaceae), both endemics of ultramafic landslides in 
Kinabalu Park named after that habitat feature (‘landslide’ in local Dusun language = ‘tuhan’). 
Other examples include the endemic giant pitcher plants (Nepenthes rajah, N, villosa, N. 
burbidgeae) restricted to graminoid shrub and the endemic terrestrial orchid Paphiopedilum 
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rothschildianum restricted to pioneer shrub on serpentinite landslides. As such, most of these 
endemics are restricted to conditions where plant competition is reduced, either by recurring 
landslides as a result of unique geology, or due to the combined effects of edaphic and climatic 
forces. Studies in other regions have shown that habitat disturbance promotes generalist/facultative 
species over obligate ultramafic species (Harrison et al., 2003; Safford and Harrison, 2004). This 
appears to hold true for the hypermagnesian soils on Mount Tambuyukon with dense old-growth 
shrubs persisting probably for many decades, and recovery is very slow following disturbance. 
Interestingly, at Marai Parai (1600 m asl) and Mesilau (1900 m asl) a number of obligate ultramafic 
endemics also occur in short graminoid and ligneous scrub, at much lower altitude than elsewhere 
(e.g. Mount Tambuyukon, Layang-Layang), again brought about by the concomitant occurrence of 
extreme ultramafic soils and active landslides. Although the early stages of succession are species-
poor and lack endemics, intermediate stages are very species-rich and carry numerous endemics. 
These are very slowly developing systems though and intermediate stages of succession probably 
persist for hundreds of years. The earlier mentioned serpentinite landslides have most of the 
endemics limited to the intermediate stages. In addition, locally obligate ultramafic species, such as 
the primitive orchids Apostasia wallichii and Neuwiedia zollingeri var. javanica (Van der Ent and 
Wood, 2013) also occur exclusively in the intermediate stages of succession, but disappear when 
the forest matures. This demonstrates that principally competition for light is fundamental to the 
occurrence of these rare species. 
6. Habitat differentiation of ultramafic edaphic Nepenthes 
 
The ultramafic outcrops of Mount Kinabalu are famous for hosting the world’s richest and most 
unusual set of carnivorous pitcher plants in the genus Nepenthes. Several of these species 
(Nepenthes rajah, N. villosa and N. burbidgeae) are obligate ultramafic species and point-endemics 
to Kinabalu Park. On Mount Kinabalu they are widely dispersed in small populations on ultramafic 
outcrops, but on Mount Tambuyukon these species co-occur on the same ultramafic outcrop, though 
in different vegetation types. Prior to this project, Mount Tambuyukon had not been studied and the 
occurrences of Nepenthes on that mountain were largely unknown. It has now emerged that Mount 
Tambuyukon is in fact the single richest mountain in the world for Nepenthes, with nine species 
now known. The ecology of obligate ultramafic Nepenthes is characterized by a set of unusual 
combination of factors: extremely high solar radiation input and permanently wet soils, brought 
about by the combined effects of an edaphic filter (ultramafic soils) and a climatic filter (altitude). 
Taken together, these factors cause the occurrence of stunted vegetation physiognomy and slow 
growth rates; hence competitively-advantage Nepenthes spp. that utilize alternative sources of 
nutrients (carnivory, tree shrew lavatories). This can be explained by considering the costs/benefits 
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of carnivory in nutrient-poor conditions in terms of photosynthetic gains (Givnish et al., 1984) due 
to the capture of nutrients from those alternative sources. The results showed that vegetation 
physiognomy (tree density and mean height) is the main defining factor in habitat differentiation 
between Nepenthes spp., in the order N. rajah à N. villosa à N. burbidgeae à N. edwardsiana for 
lower to higher vegetation density and mean height. The co-occurring plant species are useful 
predictors of vegetation assemblages in which these Nepenthes spp. occur. Experimental work is 
necessary to better understand the costs/benefits of plant carnivory/lavatory systems, especially to 
demonstrate the supposed competitive advantages in the high-altitude scrub. 
7. State of knowledge and threats to ultramafic ecosystems in Sabah 
 
The extent of scientific knowledge of the plant diversity and ecology of ultramafic outcrops in 
Southeast Asia, particularly on Borneo and Sulawesi Islands (Indonesia), is poor. In a study of the 
floristic regions of Borneo Island, Raes et al. (2009) did not include ultramafic floristic units 
because of a complete lack of data. Similarly, WWF did not recognize ultramafic classes in their 
ecoregion classes either for the same reason (Wikramanayake et al., 2002). Botanical collections 
from ultramafic outcrops in Sabah are highly biased with very little known about many outcrops in 
the interior. The herbarium database of the Sabah Forestry Department (FRC) records the following 
total number of species from the major Forest Reserves that are ultramafic (excluding Kinabalu 
Park): Bidu-Bidu Hills (480), Meliau Range (428), Mount Nicola (45), Mount Silam (730), Mount 
Tawai (864) and Mount Tingkar (13) (FRC, 2013). Given the known species richness of the region, 
and the area extent of these Forest Reserves, such figures probably represent an underestimate of 
the actual plant diversity.  
 
The earlier mentioned lack of knowledge puts constraints on protecting biodiversity because 
Borneo Island is recognized for containing about 5% of all known plant species in the world and 
Malaysia is recognized as one of the 17 megacentres of world biodiversity (Paine, 1997). In total, 
15 000 species of flowering plants are estimated to occur on Borneo (Wong, 1998; Roos et al., 
2004), of which 37% are endemic (Van Welzen et al., 2005). For some, taxonomic endemicity is 
substantially higher; for example, of the 267 species of dipterocarps (Dipterocarpaceae), 155 are 
endemic to Borneo (Ashton, 2004). Between 1995 and 2010 more than 600 species (flora and 
fauna) have been discovered on Borneo (WWF, 2013).  
 
Biodiversity on Borneo is severely threatened by deforestation, especially through large-scale 
plantation agriculture (mainly palm oil palm). In the mid-1980s, the forest cover of Borneo was 
approximately 75% and in 2005 reduced to 50% with a large extent of the remaining forested area 
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having been degraded due to logging activities (WWF, 2005). On a more local scale, three 
ultramafic localities near Kinabalu Park (Lohan River, Hampuan Hill, and Kulung Hill) have 30% 
of their species known only from those areas (Beaman and Beaman, 1990), but large parts of these 
areas were destroyed as a result of land clearance and forest fires. The risks faced by rare plants is 
illustrated by the case of the large tree Dipterocarpus ochraceus (Dipterocarpaceae) known from 
only three populations (one of which was captured in the plots at Nalumad) of 52 mature 
individuals in total (Maycock et al., 2012), with most of the population outside the Kinabalu Park 
boundary facing clearance. This exemplifies the urgent need for detailed research on the plant 
diversity of ultramafic outcrops in Sabah to assist in the conservation of areas most threatened by 
logging and land-clearance activities. Although Kinabalu Park is statutorily protected, the extreme 
localization of many plant species within its boundaries, and the fact that is has become a virtual 
‘island’ in cleared land. This means that potential catastrophic events, such as major forest fires 
known to occur periodically and associated with intense El-Niño induced droughts and climate 
change, could threaten this ecosystem and the survival of many of its rare and endemic species. 
8. Outlook and future research directions 
 
That plant adaptation to soils is a platform on which forces of natural selection can act to stimulate 
the evolution of new plant taxa, has been recognized for a long time (Wallace, 1858). As such, 
ultramafic ‘edaphic islands’ provide a model system for the evolution of (edaphic endemic or 
obligate ultramafic) plant species (Harrison and Rajakaruna, 2011). The results of this study show 
that ultramafic soils can support extremely high plant diversity with 2854 plant species in 742 
genera and 188 families recorded from Kinabalu Park. With 132 species per 250 m2 plot, the high 
altitude (2550 m asl) scrub on Mount Tambuyukon is among the most species-rich vegetation 
globally. The plant diversity of Kinabalu Park is immensely complex on account of the number of 
plant species of various biogeographical affinities, wide-ranging altitudes, climatic conditions and 
high geodiversity. As such, Kinabalu Park provides one of the most challenging but scientifically 
valuable natural laboratories for studying plant ecology and evolution. Ultramafic ‘edaphic ‘islands’ 
harbour a substantial and disproportionate amount of the plant diversity of Kinabalu Park. Much of 
the plant diversity, current distributions and ecological patterns, have evolved over a very complex 
biogeographical history. Therefore, the observations made are often difficult to explain with data 
that can now be collected. Nevertheless, untangling the interactions between plants and soils, 
climate and biogeographical factors will undoubtedly unlock future insights. The most important 
but least emphasized research aim is the collection of geo-referenced herbarium specimens from as 
many as possible ultramafic and non-ultramafic soils in Sabah. At present, collection efforts are 
highly biased and many mountains remain very poorly known botanically. Therefore, providing a 
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more complete cover of occurrence records is essential in assessing factual plant distribution, and 
potential localization (e.g. endemism) of plant species. This is particularly important in light of the 
recent and ongoing destruction of native forests in Sabah reduces protected areas to confined blocks 
of land, as this will make biogeographical studies in the future far more difficult. The facts that 
taxonomic revisions of the plant species of the region has only been undertaken for a fraction of the 
total of the known species, and the great difficulty in identifying taxa, are major hindering factors in 
botanical and ecological research in this region. The situation for Kinabalu Park is somewhat better 
because of the pioneering work of Professor John Beaman who recorded (in a five-part book series) 
the then-known flora of that area.  
 
By adding the species recorded from ultramafic soils in this study to the species recorded from 
other major ultramafic outcrops in Sabah (FRC, 2013), a total of 3712 plant species in 205 families 
and 944 genera are now known from the ultramafic soils of Sabah. This is possibly the richest flora 
on ultramafic soils globally. It is clear that ultramafic soils contribute substantially to the plant 
diversity of Sabah (totalling 8000 species), particularly given that ultramafic outcrops cover just 
4.6% of the surface area of Sabah. Despite the fact that the plant diversity of Kinabalu Park is the 
best studied in southeast Asia, 40% of the plant species in the Park are only known from a single 
location and 1336 species have only been collected once (Beaman, 2005). This study has also 
shown that Mount Tambuyukon is one of the most species-rich and endemically-rich areas in 
Kinabalu Park, but it is also the least studied. Therefore, it is a recommendation that future research 
activities focus primarily (initially) on Mount Tambuyukon, and be aimed both at collecting a more 
representative section of its flora, but also at with population genetics level in order to elucidate the 
origin of endemics in the area. Undoubtedly, such future work will further establish ultramafic 
(obligatory) restriction, and hence clarify the biogeographical position of Mount Tambuyukon in 
Sabah, and its relation to Mount Kinabalu. Experimental work is also clearly needed to test the 
effects of nutrient deficiency and phytotoxicity of ultramafic soils in relation to adaptation and 
competition of obligate ultramafic plant species. 
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Figure 14.1, Extremely stunted scrub on hypermagnesian soils at Layang-Layang (2700 m asl). 
 
 
 
Figure 14.2. Extremely species rich shrubland on hypermagnesian soils at Mount Tambuyukon 
(2400–2500 m asl). 
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Figure 14.3. Aspect of graminoid vegetation on the summit of Mount Tambuyukon with the 
carnivorous Drosera ultramafica (Droseraceae). 
 
 
Figure 14.4. Casuarina-forest on serpentinite soils at Wuluh River (700 m asl).  
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Figure 14.5. Phloem-tissue of Rinorea bengalensis contains over 4% Ni. 
 
 
Figure 14.6. Phloem sap of Phyllanthus balgooyi with up to 16.9% Ni.  
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Epilogue 
 
Little did I know when arriving in Australia that I would return to Borneo for my PhD research, and 
I have been fortunate to spend over 18 months in the field (in separate 5 journeys) in Kinabalu Park. 
Together with the ‘Ultramafic Team’ consisting of Rimi Repin, Rositti Karim and Sukaibin Sumail, 
Postar Miun and supported by the guides Yasserin bin Halim, Hali bin Nassim, Kalipin Al-Hafsan 
bin Sampin, and Syafiq bin Jumin we embarked on expeditions in unexplored territory. The 
expeditions (8–16 days) were often through incredibly harsh rain forest where we were challenged 
not only by the sheer mountainous terrain and weather (rain, rain, rain), but also by countless 
leeches, and my personal favourites: deer flies and biting midges. After the fieldwork the nearly 
30 000 plant specimens collected needed identification, which meant spending 6 months in the 
herbarium. This specimen collection amounts to the largest ever made from ultramafic soils in the 
region, and yielded many new species to science. Of these 8 plant species are already formally 
being described, but undoubtedly identification and verification will continue for years to come. 
Back in Australia, over 2000 leaf samples and 1000 soil samples and bedrock samples awaited 
laboratory analysis (another 8 months of work). For synchrotron XAS-experiments we brought a 
cylinder with liquid nitrogen into the rainforest to collect hyperaccumulator tissue samples, and 
subsequently travelled with the samples to Japan for the analysis at the Australian National 
Beamline Facility (ANBF) there. Unfortunately due to time constraints the synchrotron-experiments 
could not be part of this thesis (but will hopefully be published in the near future).  
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Some of the new plant species discovered 2011-2014 
Gynura tambuyukonensis 
(ASTERACEAE) 
Begonia serpentinicola 
(BEGONIACEAE) 
Pittosporum peridotiticola 
(PITTOSPORACEAE) 
Eriobotrya balgooyi 
(ROSACEAE) 
Cleistanthus niccolivorus 
(PHYLLANTHACEAE) 
Thrixspermum rimiae 
(ORCHIDACEAE) 
